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Abstract 
This document presents results of experimental and model investigations of two evaporator automotive air 
conditioning systems using R134a and R744 as refrigerants. The R134a system investigated originated from the 
vehicle air conditioning system used in the U.S. Army HMMWV (High Mobility Multi-purpose Wheeled vehicle). 
The results from the HMMWV R134a breadboard system investigation are used as a baseline to compare the 
experimental results from the investigation of the U.S. Army HMMWV R744 two evaporator prototype system. The 
subject of different hardware setups (e. g. choice of expansion devices) for the HMMWV R744 two evaporator 
system and their implications on performance is addressed. For the case of two controllable expansion devices, the 
iterative process which was used to derive an ambient temperature dependent high side pressure correlation for the 
HMMWV R744 two evaporator system is presented. The optimized HMMWV R744 system shows higher cooling 
capacity (up to 57%) and higher coefficient of performance (up to 18%) compared to the HMMWV R134a system. 
In addition, further general issues related to R744 two evaporator systems are investigated. Different 
system configurations are explored to investigate where to split and reunite the two refrigerant streams and how this 
affects the system stability. Several expansion device combinations are investigated with the focus on fixed area 
versus controlled area expansion devices. The role of an accumulator in an R744 two evaporator system is 
explained. A control strategy for an R744 two evaporator system using two controlled area expansion devices is 
introduced and validated against transient experimental data. Dymola and the AirConditioning Library are used to 
simulate an R744 two evaporator automotive air conditioning system. The model results are validated against 
experimental data in steady state and transient conditions. The predicted performance at steady state is within 10% 
of the experimental results. For the investigated transient scenario the model prediction shows some discrepancy but 
the overall trends are well predicted. 
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Nomenclature 
Acc  Accumulator 
AFR m3 indoor1 [m³/s] Total volumetric airflow rate, front evaporator 
AFR m3 indoor2 [m³/s] Total volumetric airflow rate, rear evaporator 
AFR m3 outdoor [m³/s] Total volumetric airflow rate, gas cooler 
COP [-] Coefficient of performance 
DPca [Pa] Air pressure drop across gas cooler 
DPcn [Pa] Air pressure drop across gas cooler nozzle 
DPea1 [Pa] Air pressure drop across front evaporator 
DPea2 [Pa] Air pressure drop across rear evaporator 
DPen1 [Pa] Air pressure drop across front evaporator nozzle 
DPen2 [Pa] Air pressure drop across rear evaporator nozzle 
DPer1 [kPa] Refrigerant pressure drop across front evaporator 
DPer2 [kPa] Refrigerant pressure drop across rear evaporator 
DT subcool [K] Sub cooling at condenser exit 
DT sup comp in [K] Superheat at compressor inlet 
DT sup evap1 [K] Superheat at front evaporator exit 
DT sup evap2 [K] Superheat at rear evaporator exit 
EEV  Electrical expansion valve 
eta isen [-] Isentropic efficiency of compressor 
eta mech [-] Mechanical efficiency of compressor 
Evap  Evaporator 
Fc [Nm] Torque of compressor shaft 
GC  Gas cooler 
hin [kJ/kg] Compressor inlet refrigerant enthalpy 
hout,isen [kJ/kg] Compressor outlet refrigerant enthalpy assuming isentropic compression 
IHX  Internal heat exchanger 
MF  Mass flow measurement device 
Mr [g/s] Refrigerant mass flow rate 
Mr1 [g/s] Refrigerant mass flow rate across front evaporator 
Mr2 [g/s] Refrigerant mass flow rate across rear evaporator 
Mw kgps [kg/s] Condensate rate 
Mw1 kgps [kg/s] Condensate rate of front evaporator 
Mw2 kgps [kg/s] Condensate rate of rear evaporator 
NZ  Nozzle 
P ratio [-] Compression ratio = Prcpo/Prcpi  
Pcn [kPa] Air pressure at gas cooler nozzles 
Pcri [kPa] Refrigerant pressure at gas cooler inlet  
Pcro [kPa] Refrigerant pressure at gas cooler outlet 
Pcro1 [kPa] Refrigerant pressure at front gas cooler outlet  
Pcro2 [kPa] Refrigerant pressure at rear gas cooler outlet  
Pen1 [kPa] Air pressure at nozzle entrance, front evaporator  
Pen2 [kPa] Air pressure at nozzle entrance, rear evaporator  
Peri1 [kPa] Refrigerant pressure at front evaporator inlet  
Peri2 [kPa] Refrigerant pressure at rear evaporator inlet  
 x
Pero1 [kPa] Refrigerant pressure at front evaporator outlet  
Pero2 [kPa] Refrigerant pressure at rear evaporator outlet  
Prcpi [kPa] Refrigerant pressure at compressor inlet  
Prcpo [kPa] Refrigerant pressure at compressor outlet 
Pshri1HP [kPa] Refrigerant pressure at front internal heat exchanger high pressure inlet 
PshriHP [kPa] Refrigerant pressure at front internal heat exchanger high pressure inlet 
Pshro1HP [kPa] Refrigerant pressure at front internal heat exchanger high pressure outlet 
Pshro2HP [kPa] Refrigerant pressure at rear internal heat exchanger high pressure outlet 
PshroHP [kPa] Refrigerant pressure at internal heat exchanger high pressure outlet 
Pxri1 [kPa] Refrigerant pressure at inlet to expansion device upstream front evaporator 
Pxri2 [kPa] Refrigerant pressure at inlet to expansion device upstream rear evaporator 
Q [kW] Overall cooling capacity 
Q Evap 1 [kW] Cooling capacity of Evaporator 1 
Q Evap 2 [kW] Cooling capacity of Evaporator 2 
Q Front [kW] Cooling capacity of front evaporator 
Q Rear [kW] Cooling capacity of rear evaporator 
Qe [kW] Cooling capacity 
rel. liq. level [%] Relative apparent liquid level in accumulator 
RH [%] Relative humidity 
Rhci [-] Relative humidity at gas cooler inlet 
Rhei1 [-] Relative humidity at front evaporator inlet 
Rhei2 [-] Relative humidity at rear evaporator inlet 
Rhen1 [-] Relative humidity at nozzle, front evaporator 
Rhen2 [-] Relative humidity at nozzle, rear evaporator 
Sp  see Vc 
T [°C] Temperature 
Tacci [°C] Refrigerant temperature at accumulator inlet 
Tcai [°C] Air inlet temperature at gas cooler  
Tcao [°C] Air outlet temperature at gas cooler  
Tci [°C] Average inside surface temperature of outdoor chamber  
Tcn [°C] Average air temperature at gas cooler/condenser nozzle 
Tco [°C] Average outside surface temperature of outdoor chamber  
Tcri [°C] Refrigerant inlet temperature at gas cooler  
Tcro [°C] Refrigerant outlet temperature at gas cooler/condenser 
Tcro1 [°C] Refrigerant outlet temperature at front gas cooler  
Tcro2 [°C] Refrigerant outlet temperature at rear gas cooler  
Tdpei [°C] Dew point temperature at evaporator inlet  
Tdpen1 [°C] Dew point temperature at front evaporator nozzle  
Tdpen2 [°C] Dew point temperature at rear evaporator nozzle  
Teai1 [°C] Air temperature at front evaporator inlet  
Teai2 [°C] Air temperature at rear evaporator inlet  
Teao1 [°C] Air temperature at front evaporator outlet  
Teao2 [°C] Air temperature at rear evaporator outlet  
Teaog1 [°C] Average air outlet temperature of front evaporator thermocouple grid 
Teaog2 [°C] Average air outlet temperature of rear evaporator thermocouple grid 
Ten1 [°C] Average air temperature at front evaporator nozzle 
 xi
Ten2 [°C] Average air temperature at rear evaporator nozzle 
Tero1 [°C] Refrigerant temperature at front evaporator outlet  
Tero2 [°C] Refrigerant temperature at rear evaporator outlet  
TG  Thermocouple grid 
TM  Torque transmitter 
Tor  see Fc 
Trcpi [°C] Refrigerant temperature at compressor inlet  
Trcpo [°C] Refrigerant temperature at compressor outlet  
TshriHP [°C] Refrigerant temperature at high pressure inlet of internal heat exchanger 
Tshro2LP [°C] Refrigerant temperature at low pressure outlet of rear internal heat exchanger 
TshroHP [°C] Refrigerant temperature at high pressure outlet of internal heat exchanger 
TshroLP [°C] Refrigerant temperature at low pressure outlet of internal heat exchanger 
Txri1 [°C] Refrigerant temperature at expansion device inlet, front evaporator  
Txri2 [°C] Refrigerant temperature at expansion device inlet, rear evaporator  
TXV  Thermostatic expansion valve 
V [m³/s] Volumetric airflow rate 
Vc [RPM] Compressor speed  
W comp [kW] Compressor power 
Wcomp [kW] Compressor power 
x in1 [-] Front evaporator refrigerant inlet quality 
x in2 [-] Rear evaporator refrigerant inlet quality 
x out1 [-] Front evaporator refrigerant outlet quality 
x out2 [-] Rear evaporator refrigerant outlet quality 
ηisen [-] Isentropic efficiency 
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Chapter 1. Introduction 
This document presents experimental and modeling investigations of two evaporator systems using R134a 
and R744 as refrigerants. The R134a system investigated originated from the vehicle air conditioning (A/C) system 
used in the U.S. Army HMMWV (High Mobility Multi-purpose Wheeled vehicle). The components for the R744 
two evaporator systems were designed to be used in an U.S. Army HMMWV vehicle as a prototype A/C system. 
The document is structured into four main chapters: 
a) HMMWV R134a System in Breadboard Version 
Chapter 2 presents the experimental results from the U.S. Army HMMWV R134a two evaporator system 
breadboard investigation. These results are used as a baseline to compare with the experimental results from the 
investigation of the U.S. Army HMMWV R744 two evaporator systems. This chapter also contains experimental 
investigations in addition to the baseline experiments which give further insight into the performance of the 
HMMWV R134a two evaporator system.  
b) HMMWV R744 System in Breadboard Version 
Chapter 3 describes in detail how the U.S. Army HMMWV R744 two evaporator breadboard system was 
optimized to exceed the performance of the HMMWV R134a two evaporator breadboard system. The subject of 
different hardware setups (e. g. choice of expansion devices) for the R744 two evaporator system and their 
implications on performance is addressed. For the case of two controllable expansion devices, the iterative process 
which was used to derive an ambient temperature dependent high side pressure correlation for the R744 two 
evaporator system is presented.  
c) Further Investigations of R744 Two Evaporator Systems 
Chapter 4 explores further issues related to R744 two evaporator systems. Different system configurations 
were explored to investigate where to split and reunite the two refrigerant streams and how this affects the system 
stability. Several expansion device combinations were investigated with the focus on fixed area expansion devices 
versus controlled area expansion devices. The importance of an accumulator in an R744 two evaporator system is 
demonstrated by conducting experiments with a prototype accumulator, and the results are presented. A control 
strategy for an R744 two evaporator system using two adjustable expansion devices is introduced and validated 
against transient experimental data.  
d) Modeling Investigation of R744 Two Evaporator Systems 
Dymola and the AirConditioning Library in version 1.4 are used in Chapter 4 to simulate R744 two 
evaporator systems. The model results are validated against experimental data in steady state and transient 
conditions to judge how well the model predicts performance and transient behavior of R744 two evaporator 
systems. 
e) Appendices 
The appendices contain information about the instrumention used in the experimental test facility as well as 
the software code used for the data reduction. It also contains summary tables of representative experimental data 
for future reference. The dimensions regarding the air to refrigerant heat exchangers used for the experiments along 
with photographs are listed. Information regarding model parameters and additional figures with comparison 
between model and experimental results are also listed. 
 2
Chapter 2. HMMWV R134a System in Breadboard Version 
The primary objective was to build an R134a breadboard system from the U.S. Army HMMWV R134a 
A/C system components to determine the performance in terms of cooling capacity and coefficient of performance 
(COP). This chapter explains how this objective was achieved and presents the experimental results for the 
HMMWV R134a breadboard system. 
2.1 Experimental Facility for R134a and R744 Two Evaporator Breadboard Systems 
The experimental facility used for all experiments mentioned in this document, consists of two 
environmental chambers as shown in Figure 2-1. The outdoor chamber contained the condenser/gas cooler, while 
the evaporators are mounted in the indoor chamber. The outdoor and the indoor chambers were of dimensions 4.7m 
x 2.5m x 2.3m and 4.7m x 2.2m x 2.3m, respectively. There were several welded Type-T thermocouples attached to 
each chamber surface. The heat transmission losses through the chamber surfaces during an experiment were 
determined from temperature differences between the interior and the exterior of the chambers in combination with 
the UA values determined from chamber calibration experiments. During a test, the ambient conditions were 
maintained at specified values. The power consumption of all electrical devices operated in the chambers was 
measured with Watt transducers. For test conditions in which dehumidification occurred, the condensate formed at 
the evaporators was collected outside of the chamber. The formation rate was determined with two load cells, from 
which the latent portion of each evaporator capacity was calculated. By combining the reading of the Watt 
transducer, the heat loss through the walls, ceiling, floors and the latent portion of each evaporator capacity, it was 
possible to determine the capacity on the evaporators and condenser/gas cooler. The capacity on the evaporators 
determined by this method is called the chamber energy balance. 
 
Figure 2-1: Laboratory for R134a and R744 two evaporator breadboard systems 
All refrigerant–air heat exchangers were installed in open-loop wind tunnels housed inside the chambers. 
The compressors were installed between the two chambers. The wind tunnels in the indoor and outdoor chambers 
were similar in design. The outdoor wind tunnel was built from 1.9cm thick plywood, whereas the indoor wind 
tunnel for the evaporators was built from 0.75cm thick polycarbonate sheets. This material was used because of its 
excellent insulating properties and for visualization of condensate formation at the evaporators. Before and after 
Compressor stand Controls and data acquisition system 
Outdoor chamber Indoor chamber 
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each heat exchanger, four by four thermocouple grids consisting of welded Type-T thermocouples were used to 
determine the dry-bulb air temperatures. Downstream of the air outlet temperature grids, flow straighteners were 
mounted to ensure uniform velocity profiles. In addition to the flow straighteners, an air blender was installed in the 
outdoor duct. This enhanced the mixing of the non-uniform temperature profile of the air stream leaving the outdoor 
heat exchangers. Further downstream, flow nozzles were installed in both ducts to create pressure drops. Measuring 
the pressure drops with differential pressure transducers, the airflow rates in both ducts were determined. Four 
nozzles were installed in the outdoor duct (throat diameters of 177.8mm, 152.4mm, 127.0mm and 63.5mm) to cover 
a wide range of airflow rates. Depending on the specified airflow rate during a test condition, individual nozzles 
were blocked to keep the measured pressure drop within the range of the differential air side pressure transducer. 
The air side measurements were designed according to ANSI/ASHRAE Standard 41.2-1987 (RA92) [1]. The air 
temperatures downstream of the heat exchangers were measured at the throats of the nozzles with welded Type-T 
thermocouples for the purpose of determining the air densities. 
For the air side energy balance, the latent load was calculated from two chilled mirror dew point sensors. 
This method was independent of the condensate formation rate measurement, which is part of the chamber energy 
balance. Radial blowers were connected at the outlet of each duct in order to force air through the wind tunnels. The 
airflow rates through the ducts were controlled with variable frequency drives. The indoor and outdoor blowers 
exhausted the air directly into the chambers. An external R404A chiller system with evaporators mounted on the 
ceiling inside the outdoor chamber compensated for the heat rejected by the condenser/gas coolers. PID-controlled 
electric heaters were installed in both chambers to reheat the room to the specified test conditions. The heaters were 
mounted in separate ducts so as to eliminate the effects of heat conduction and thermal radiation into the test 
sections where temperature measurements were taken. In the outdoor chamber, a separate blower pushed air through 
the heater box, while on the indoor side, the exhaust of one of the blowers is used to move the air through the 
heaters. In order to maintain the moisture content in the indoor room at a specified condition, steam injection was 
used to create the latent load at the evaporators. The steam is superheated with an additional heater before it is mixed 
to the air stream exiting the indoor heater duct. 
The refrigerant-side energy balance was accomplished from temperature and pressure measurements in 
combination with two coriolis-type mass flow meters in each branch of the refrigerant flow. Absolute pressures were 
measured at the outlet of every component. In addition, differential pressure measurements were taken across the 
heat exchangers to accurately determine the absolute pressures at the component inlets. All refrigerant-side 
temperatures were measured with Type-T immersion thermocouple probes. The probes were ungrounded to 
eliminate the effects of electromagnetic noise. 
All air and refrigerant side pressure transducers were calibrated before the HMMWV R134a system was 
installed. The torque transducer was also calibrated. The torque transducer and the air side pressure transducers were 
recalibrated for the HMMWV R744 system. High pressure transducers were installed for the HMMWV R744 
system. Those transducers were also calibrated prior to any measurement.  
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Several shake-down experiments with front evaporator only and rear evaporator only were performed to 
check the air side balance of each wind tunnel against the two other independent energy balances. The precision of 
the test facility is shown in Figure 2-2. 
 
Figure 2-2: Precision of experimental test results 
Figure 2-2 shows the cooling capacity based on the indoor energy chamber balance (Q indoor chamber) 
plotted against the cooling capacity based on the air side energy balance (Q indoor air) for both the HMMWV 
R134a breadboard and the HMMWV R744 system. The data points shown correspond to the conditions defined in 
the test matrix for each system as outlined in Table 2-1.  It can be seen that the accuracy of the test facility was 
within ±5% for almost all test conditions. The results regarding cooling capacity and the coefficient of performance 
(COP) presented in this document are taken from the air side energy balance since this balance always gave precise 
values. For the HMMWV R134a system the refrigerant side balance can not be used at some conditions because of 
the occurrence of two phase flow at the refrigerant mass flow meters. The refrigerant mass flow meters used only 
read accurately under single phase conditions.  
2.2 System Setup 
The components of a complete HMMWV R134a A/C system were provided. The most important initial 
objective was to check whether the entire system could be assembled in the wind tunnels and environmental 
chambers using all original hoses and connections. To verify this, each component with its associated connections 
was laid out on the floor in the real sizes as shown in Figure 2-3.  
The HMMWV R134a System #1 as shown in Figure 2-3 comprised of all the original components 
including the A/C hoses. The heat exchangers were of plate fin and tube design. The evaporators came as an 
assembly of heat exchanger and thermostatic expansion valves (TXV). Two receiver vessels were used (#7 and #6) 
one of which (#6) contained a dryer cartridge. The compressor had a fixed displacement of 166cm3. In addition to 
the original A/C hoses, short piping was used around the heat exchangers. Mass flow meters, sight glasses, pressure, 
and temperature sensors were also added. Figure 2-4 shows the final schematic of the HMMWV R134a breadboard 
system. 
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Figure 2-3: HMMWV R134a System #1 component layout 
 
Figure 2-4: Schematic of the HMMWV R134a System #1 
 6
As it can be seen from Figure 2-4, two coriolis mass flow meter were used to determine the refrigerant 
mass flow rates. One mass flow meter was installed downstream of Receiver 1 to measure the total refrigerant mass 
flow rate. This mass flow meter only reads accurately when the fluid is single phase. Therefore, sight glasses were 
used upstream and downstream of this mass flow meter to determine if the refrigerant flow was single phase or two 
phase. A second mass flow meter was installed downstream of Receiver 2. Using the reading of this mass flow 
meter and the reading from the other mass flow meter it was possible to determine the mass flow rate through each 
evaporator. The wind tunnels in the indoor chamber are physically installed on top of each other. As a result, the 
distance between the condenser and each evaporator was the same. This was the only major difference in the setup 
between the vehicle and breadboard A/C systems. In the vehicle, the distance between the condenser and the rear 
evaporator was shorter than the distance between the condenser and the front evaporator. Therefore, the breadboard 
A/C system had more volume on the high pressure side than in the actual vehicle system. However, the total volume 
of the vehicle A/C system and the breadboard A/C system was comparable.  
2.3 Refrigerant Charge Determination 
The charging condition used was identical to the operation condition L43-43-0.1 (see Table 2-1): 
compressor speed 2200RPM; air temperature inlet to the condenser 43°C, airflow rate through the condenser 
0.897m³/s; air temperature inlet to the evaporators 43°C, airflow rate through the evaporators 0.1m³/s, relative 
humidity 30%.  
The refrigerant charge was increased from an initial charge of 1750g up to 5500g in steps of 250g. For each 
refrigerant charge, data was taken once a steady state condition was reached. The results of the charge determination 
test are shown in Figure 2-5.  
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Figure 2-5: HMMWV R134a System #1 charge determination test 
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The high side pressure (Pcro) was observed to reach a plateau for a refrigerant charge of approximately 
2250g. The high side pressure increased steadily for charges exceeding 2750g. The constant refrigerant superheat at 
the compressor inlet (DTsuperheat) suggested that the TXVs performed best for refrigerant charges between 3000g 
and 3750g. The total cooling capacity (Qindoor_air) was approximately constant for charges between 3250g and 
5000g. For charges exceeding 5000g the capacity slightly decreased. This behavior was also reflected by the system 
COP (COP_indoor_air). For charges higher than 2500g, a foggy liquid was observed in the condenser exit sight 
glass even though temperature and pressure measurements indicated a sub-cooled refrigerant conditions. With 
increasing charge, the foggy liquid became more transparent. Eventually, at a charge of 5250g, pure liquid was 
observed in the sight glass.  
Based on the test results, the optimum system charge was found to be 3500g. This charge ensured 
satisfactory cooling capacities for test conditions exceeding the charge test specifications.  
2.4 Test Matrix 
Overall four HMMWV systems are presented in this document. Since the main objective is to compare the 
R134a system to the R744 systems the ambient conditions should be identical for all systems. Table 2-1 shows the 
test matrix for the HMMWV R134a System #1 and the R744 Systems #2 to #4. The only difference between the 
systems was the compressor speed. In the vehicle the compressor speed is a function of the pulley ratio. The 
compressor speeds for the R134a System #1 and the R744 Systems #2 and #3 were given from the vehicle 
specifications. Section 3.3.3 describes in detail how the reduction in compressor speed for R744 System #4 was 
determined.  
Table 2-1: Test Matrix for HMMWV R134a System #1 and HMMWV R744 Systems #2 to #4 
Name Compressor speed [RPM] Gas Cooler Evaporator (front and rear) 
 R134a 
System #1 
R744 
System #2 & #3 
R744 
System #4 
T 
[ºC] 
V 
[m3/s] 
T 
[ºC] 
RH 
[%] 
Tdpei
[ºC] 
V 
[m3/s] 
I64-49-0.1 1150 1500 810 64 0.802 49 20 20.0 0.100 
L64-49-0.1 2200 2880 1550 64 0.897 49 20 20.0 0.100 
H64-49-0.1 3400 4480 2410 64 0.991 49 20 20.0 0.100 
I49-49-0.1 1150 1500 810 49 0.802 49 20 20.0 0.100 
L49-49-0.1 2200 2880 1550 49 0.897 49 20 20.0 0.100 
H49-49-0.1 3400 4480 2410 49 0.991 49 20 20.0 0.100 
I58-43-0.1 1150 1500 810 58 0.802 43 30 21.7 0.100 
L58-43-0.1 2200 2880 1550 58 0.897 43 30 21.7 0.100 
H58-43-0.1 3400 4480 2410 58 0.991 43 30 21.7 0.100 
I43-43-0.1 1150 1500 810 43 0.802 43 30 21.7 0.100 
L43-43-0.1 2200 2880 1550 43 0.897 43 30 21.7 0.100 
H43-43-0.1 3400 4480 2410 43 0.991 43 30 21.7 0.100 
I35-35-0.1 1150 1500 810 35 0.802 35 40 19.4 0.100 
L35-35-0.1 2200 2880 1550 35 0.897 35 40 19.4 0.100 
H35-35-0.1 3400 4480 2410 35 0.991 35 40 19.4 0.100 
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The compressor speed was determined from vehicle speeds which correspond to a certain engine speed 
which in combination with the pulley ratio gives the speed for the compressor. The vehicle speeds were idle, 32km/h 
(20mph) and 64km/h (40mph). The pulley ratio used in the vehicle was 1.6 to 1 for the R134a System #1.   
According to the charge determination test, all test conditions listed in Table 2-1 were carried out with a 
charge of 3500g. 
2.5 Results of HMMWV R134a System #1 
The results presented in this Section are referred to as the R134a System #1 results. These results are used 
as a baseline for comparison with the results from the HMMWV R744 systems (see Chapter 3). 
Figure 2-6 shows the overall cooling capacity of the evaporators for all test conditions. The overall cooling 
capacity is the sum of the cooling capacities of each evaporator based on the air side energy balance. The measured 
cooling capacities for all breadboard tests are gross cooling capacities, which means that the blower power was not 
included. 
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Figure 2-6: Overall cooling capacity for R134a System #1 
The overall cooling capacity ranged from 5.5kW to 8.1kW. It can be seen that the cooling capacity 
increased by 15% when the speed was changed from idle speed to low speed (2200RPM). The cooling capacity 
increased by an additional 7% when the speed was changed from low speed to high speed (3400RPM). This was 
expected since the fixed displacement compressor caused an increase in refrigerant mass flow rate when the speed 
was increased. 
Figure 2-6 also shows the effect of increased air inlet temperature at the condenser. The cooling capacity 
decreased by 10% when the condenser air inlet temperature was raised from 43°C to 58°C. For the 49°C ambient 
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condition, the cooling capacity decreased by 15% for the high and low speed conditions and by 7% for the idle 
condition when the condenser inlet temperature was raised to 64°C. 
The coefficient of performance (COP) shown in Figure 2-7 is calculated by dividing the overall cooling 
capacity by the compressor power. The COP is important because it relates the cooling capacity to the compressor 
power which in turn relates to the fuel consumption of a vehicle. A higher COP for the same cooling capacity 
indicates a better efficiency, or, for a vehicle, a lower fuel consumption. The COP ranged from 1.2 to 3.6. It can be 
seen that the COP decreased by 32% when the speed was changed from idle speed (1150RPM) to low speed 
(2200RPM). The COP decreased by additional 21% when the speed was changed from low speed (2200RPM) to 
high speed (3400RPM). This shows that although the cooling capacity is increased for higher speeds the compressor 
power needed to increase the cooling capacity is higher relative to the gain in cooling capacity and therefore a lower 
COP is observed. 
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Figure 2-7: COP for R134a System #1 
Figure 2-7 shows also the effect of increased air inlet temperature at the condenser. The COP decreased by 
18% when the condenser inlet temperature was raised to 58°C from 43°C. For the 49°C ambient condition the COP 
decreased by 22% when the condenser inlet temperature was raised to 64°C. 
2.6 Additional Tests with the HMMWV R134a Breadboard System 
Additional tests were performed with R134a HMMWV breadboard system, although the primary objective 
was to investigate the R134a HMMWV breadboard system at the specified conditions shown in Table 2-1 to define 
a baseline which later can be compared to R744 HMMWV breadboard system. Experiments with increased airflow 
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rates at the evaporator demonstrate possible cooling capacity and COP improvements. An additional test matrix 
based on vehicle measurements is introduced and the results of those tests are presented. 
2.6.1 Tests with Increased Airflow Rates at the Evaporators 
To examine the effects of increased airflow rates at the evaporators, the airflow rates were increased from 
0.100m³/s to 0.143m³/s.  Table 2-2 shows the test matrix for those conditions. 
Table 2-2: Test matrix for HMMWV R134a System #1 with increased airflow rates at the evaporators 
Name Compressor Gas Cooler Evaporator (front and rear) 
 RPM T [ºC] V [m3/s] T [ºC] RH % Tdpei [ºC] V [m3/s] 
I49-49-0.14 1150 49 0.802 49 20 20.0 0.140 
L49-49-0.14 2200 49 0.897 49 20 20.0 0.140 
H49-49-0.14 3400 49 0.991 49 20 20.0 0.140 
I43-43-0.14 1150 43 0.802 43 30 21.7 0.140 
L43-43-0.14 2200 43 0.897 43 30 21.7 0.140 
H43-43-0.14 3400 43 0.991 43 30 21.7 0.140 
I35-35-0.14 1150 35 0.802 35 40 19.4 0.140 
L35-35-0.14 2200 35 0.897 35 40 19.4 0.140 
H35-35-0.14 3400 35 0.991 35 40 19.4 0.140 
 
All tests specified in Table 2-2 were carried out with a charge of 3500g and compared to the R134a 
baseline results as shown in the following figures. 
3400RPM 40MPH2200RPM 20MPH900RPM idle
0
2
4
6
8
10
12
14
16
18
I35
-35
-0.
14
L3
5-3
5-0
.14
H3
5-3
5-0
.14
I43
-43
-0.
14
L4
3-4
3-0
.14
H4
3-4
3-0
.14
I49
-49
-0.
14
L4
9-4
9-0
.14
H4
9-4
9-0
.14
In
cr
ea
se
 in
 C
oo
lin
g 
C
ap
ac
ity
 [%
]
 
Figure 2-8: Increase in cooling capacity at higher airflow rates at the evaporators 
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Figure 2-9: Increase in COP at increased airflow rates at the evaporators 
Figure 2-8 shows the increase in cooling capacity when the airflow rates at the evaporators were increased 
from 0.100m³/s to 0.142m³/s. An increase in cooling capacity between 9% and 16% was observed, demonstrating 
that the evaporators were not operated at maximum airflow rate. In absolute values, the cooling capacity showed an 
increase from 0.65kW to 1.0kW. Although a higher airflow rate would increase the overall pressure drop over the 
evaporators and the air duct of the vehicle, the power needed for blowers designed to compensate for this pressure 
drop would be significantly smaller than the gain in cooling capacity. 
Figure 2-9 shows the increase in COP when the airflow rates at both evaporators were increased from 
0.100m³/s to 0.142m³/s. The COP was increased for all conditions but most significantly for the 43°C ambient 
condition for idle and low speed and the 49°C ambient condition for idle speed. This demonstrates again that the 
evaporators were not operated at their maximum efficiency.  
In summary, the tests conducted with increased airflow rates at the evaporators showed that further 
performance improvements for the HMMWV R134a system are possible. However, since the main objective of this 
project was to compare the current HMMWV R134a system to a prototype R744 system, the data shown in Section 
3.4.4 is only based on the test matrix for the HMMWV R134a System #1 (Table 2-1) since those conditions were 
identical to the vehicle test conditions. 
2.6.2 Tests with Air Inlet Temperatures Based on Vehicle Measurements 
Additional tests were performed based on air inlet measurements obtained from the vehicle. The 
manufacturer provided the following test matrix, which will be referred to as the additional test matrix throughout 
this document. 
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Table 2-3: Additional test matrix for HMMWV R134a System #1 
Compressor Gas Cooler Evaporator (front and rear) 
Name 
RPM T [ºC] V [m3/s] T [ºC] RH % Tdpei [ºC] V [m3/s] 
I43.3-33.9-0.1 1150 43.3 0.802 33.9 30 13.9 0.100 
L43.3-30.8-0.1 2200 43.3 0.802 30.8 30 11.2 0.100 
H43.3-32-0.1 3400 43.3 0.802 32 30 12.3 0.100 
I54.4-33.9-0.1 1150 54.4 0.802 33.9 30 31.4 0.100 
L50-30.8-0.1 2200 50.0 0.802 30.8 30 27.7 0.100 
H52.2-32-0.1 3400 52.2 0.802 32 30 29.5 0.100 
 
All tests specified in Table 2-3 were carried out with a charge of 1970g, which is the charge specified for 
the vehicle. These results were intended to be compared with vehicle measurements [2]. However, the results of 
these tests were also used as a first comparison with the HMMWV R744 System #2 (see Section 3.2.2). 
2.6.3 Effect of Charge on System Performance 
Since the refrigerant charge used in the vehicle was 1970g, and therefore lower than the charge used for the 
breadboard system, one test was performed at the same condition but with two different refrigerant charges: 1970g 
and 3500g. The conditions were as follows: compressor speed 2200RPM; air temperature inlet to the condenser 
43°C, airflow rate through the condenser 0.1m³/s; air temperature inlet to the evaporators 43°C, airflow rate through 
the evaporators 0.1m³/s, relative humidity 30%. Those conditions are identical to those used for the charge 
determination test and therefore a refrigerant charge of 3500g should give the best performance. Figure 2-10 shows 
the results of this test. 
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Figure 2-10: Effect of refrigerant charge on system performance 
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As it can be seen from Figure 2-10, a charge of 1970g showed, as expected, a lower cooling capacity and a 
lower COP. Compared to a charge of 3500g, the cooling capacity was lower by 9% and the COP was lower by 16% 
indicating that the breadboard system would be undercharged if a charge of 1970g would be used. The main reason 
for the relatively big difference between vehicle charge and breadboard charge was mainly due to the ideal airflow 
rate distribution across the heat exchangers and avoiding recirculation of air in the breadboard laboratory facility [3].   
2.6.4 Distribution of Cooling Capacity between Front and Rear Evaporator 
The two R134a evaporators used in the HMMWV were very different in design due to the space 
requirements in the vehicle. Table 2-4 shows a comparison of the evaporators’ dimensions. 
Table 2-4: Comparison of the R134a System #1 evaporators dimensions 
 Front Rear Comparison 
Air Side Heat Transfer Area [m²] 4.266 5.947 +39% 
Face Area [m²] 0.04839 0.07226 +49% 
Fin Density [fins/m] 488.2 669.3 +37% 
Coil Depth [m] 0.09525 0.06350 -33% 
 
As Table 2-4 shows, the front evaporator had a smaller face area and a lower fin density but had a larger 
coil depth. Overall the air side heat transfer area was 39% larger for the rear evaporator. This suggested that the rear 
evaporator should have a higher cooling capacity. The R134a baseline results supported this assumption. On 
average, the rear evaporator showed a 7% higher cooling capacity. 
2.7 Conclusion 
This chapter presented the experimental results of the U.S. Army HMMWV R134a two evaporator system 
in breadboard version. It detailed how the A/C system was installed in the laboratory by using all original 
components including the hoses. A charge determination test was performed to optimize the breadboard system 
performance. Based on the test results, the optimum system charge was found to be 3500g. The cooling capacity for 
the investigated operation conditions ranged from 5.5kW to 8.1kW, and the COP ranged from 1.2 to 3.6.   
Additional experiments showed that by increasing the airflow rates from 0.100m³/s to 0.142m³/s at the 
evaporators the performance of the HMMWV R134a system was improved by up to 16% in terms of cooling 
capacity and the COP was improved by up to 12%. Experiments with the refrigerant charge used in the vehicle and 
operating conditions based on vehicle measurements were performed. Those experiments were helpful to diagnose 
differences between the breadboard and the vehicle systems [3].  
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Chapter 3. HMMWV R744 System in Breadboard Version 
The U.S. Army is interested in natural refrigerants for a number of specific reasons. First, the quick pull-
down characteristics and high capacity of R744 are very attractive for many of the harsh environments in which they 
operate. Results presented here indicate an increase in efficiency over the currently used R134a HMMWV system. 
Second, the use of any HFC requires recycling and recovery, which for a mobile force requires specifically trained 
personnel and equipment which must be transported. Finally, using a R744 system with all aluminum microchannel 
heat exchangers provides significant weight and volume reductions for the A/C system, both of which are attractive 
to a vehicle that needs to be quick and is packaged with lots of equipment [2][4][5]. 
For the HMMWV R744 breadboard system three different setups were evaluated. Figure 3-1 shows an 
incorporated schematic of those three setups. The only differences between the setups were the use of different 
expansion devices and the mixing point of the refrigerant streams downstream of the evaporators. For System #2 the 
refrigerant stream leaving the rear IHX (internal heat exchanger) was mixed with the exit stream of the front 
evaporator. For System #3 and #4 the refrigerant streams were mixed downstream of both IHXs just before the 
compressor inlet.  
Table 3-1 gives an overview of which expansion devices were used in which set-up. 
 
Figure 3-1: Schematic for R744 breadboard systems 
Table 3-1: Overview of expansion devices by system 
System Refrigerant Expansion Device 
System #1 R134a 2 TXVs 
System #2 R744 2 orifice tubes 
System #3 R744 1 orifice tube; 1 EEV 
System #4 R744 2 EEVs 
Refrigerant piping for R744 System #2 
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3.1 R744 System Components 
Figure 3-2 shows the components of the HMMWV R744 two evaporator prototype system. Identical 
components were used in the vehicle tests. 
  
Figure 3-2: HMMWV R744 system components 
The orifice tubes shown in Figure Figure 3-2 had an inner diameter of 0.9525mm. A compressor with 
variable displacement was implemented in the R744 system. The maximum displacement of this compressor was 
33.5cm³. The oil used with this compressor was PAG 46cSt oil. This compressor had an external oil separator. For 
the high pressure side, stainless steel tubing with an inner diameter of 8mm was used. For the low pressure side, 
copper tubing with an inner diameter of 9mm was used. Those inner diameters were identical with the inner 
diameters of the piping used in the vehicle. 
The compressor and the air side heat exchangers were installed at the same locations as the R134a 
components (see the following pictures). This guaranteed that the components for each system were installed at the 
same elevation. For both systems, the compressors were installed at the lowest elevation. 
Gas coolers 
IHX rear
Orifice tubes
Rear evaporator
Front evaporatorIHX/Accumulator
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Figure 3-3: Location of evaporators for both systems 
 
Figure 3-4: Location of gas coolers and condenser 
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Figure 3-5: Location of compressors 
3.1.1 System Volume Determination 
The volume of the HMMWV R744 system was determined by filling the system with R744 up to a 
pressure and temperature which ascertained that the R744 was in the vapor phase after equilibrium was reached. To 
avoid diffusion of R744 into the oil this test was done before the oil was added to the system. Using the pressure and 
temperature measurements, the specific volume of the R744 in the system was determined. The mass input of R744 
to the system was recorded using an electronic scale. This mass value of R744 in combination with specific volume 
was then used to determine the volume of the system. The system volume was determined to be 3.95liter with an 
uncertainty of ±5%. Therefore, the HMMWV R744 breadboard system volume was very close to the vehicle system 
volume, which was reported by the manufacturer to be 4.0 liter. 
3.1.2 Compressor Oil Charge Determination 
As already mentioned the compressor used for all R744 systems had an external oil separator. The oil used 
with this compressor was PAG 46cSt oil. The manufacturer specified that a minimum of 175ml oil must be present 
in the crankcase of the compressor at all times. By an iterative process, the amount of oil charge in the system was 
reduced until this specification was satisfied for all conditions. The amount of oil charge for the HMMWV R744 
breadboard system was determined to be 210ml. Several random samplings taken for each setup confirmed this 
number. This indicates that approximately 35ml of oil was in the system at all times. Therefore, significant oil hold 
up within the system was not observed.  
3.2 HMMWV R744 System #2 
3.2.1 Refrigerant Charge Determination for R744 System #2 
The charging condition used is identical to condition L43-43-0.1 (see Table 2-1): compressor speed 
2880RPM; air temperature inlet to the condenser 43°C, airflow rate through the gas cooler 0.897m³/s; air 
R744 R134a 
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temperature inlet to the evaporators 43°C, airflow rate through the evaporators 0.100m³/s, relative humidity 30%. 
Therefore, the only difference between this condition and the condition for the HMMWV R134a baseline system 
was the compressor speeds. For the R744 vehicle system a pulley ratio of 2.4 to 1 was used resulting in a 
compressor speed of 2880RPM for the 32 km/h (20mph) driving condition. 
To determine the optimum refrigerant charge the refrigerant mass in the system was increased initially from 
1050g up to 1350g in steps of 50g. For each refrigerant charge, data was taken after reaching a steady state 
condition. The result of the charge determination test is shown in Figure 3-6. 
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Figure 3-6: Charge determination test for HMMWV R744 System #2  
Based on the results shown in Figure 3-6, the optimum charge for the R744 System #2 was found to be 
1150g. This charge provided good cooling capacities for all test conditions. A charge of 1100g may have provided a 
slightly higher cooling capacity and COP, but the front evaporator outlet showed superheated refrigerant. Since the 
charge condition was not at the hottest ambient condition, an increase in superheat could be expected at the front 
evaporator outlet for higher ambient conditions resulting in a decrease in cooling capacity. 
Figure 3-6 also shows that the refrigerant exit qualities at the evaporators were significantly different for 
the suggested charge of 1150g. As shown later (see Section 3.3) for an optimum performance the exit qualities 
should be equal. 
3.2.2 Comparison between HMMWV R744 System #2 and HMMWV R134a System #1  
Since the ambient conditions for the charge determination tests of both systems, the R134a System #1 and 
R744 system #2, were the same, an initial comparison was performed. The results are shown in Table 3-2. 
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Table 3-2: Comparison between HMMWV R744 System #2 and HMMWV R134a System #1 at charge 
condition 
 R744 System #2 R134a System #1 
Cooling Capacity [kW] 12.22 7.79 
COP [-] 1.55 2.34 
Charge [g] 1150 3500 
 
As Table 3-2 shows, the R744 System #2 requires 2350g less refrigerant mass compared to the R134a 
System #1. Furthermore, the R744 System #2 showed an increased cooling capacity of 56% compared to the R134a 
System #1. However, the COP was significantly lower for the R744 System #2.  
To confirm these findings and to provide additional results, tests based on the additional test matrix were 
conducted according to the conditions specified in Table 3-3.  Theses results were presented in [2].  
Table 3-3: Additional test matrix for HMMWV R744 System #2 
Name Compressor Gas Cooler Evaporator (front and rear) 
 RPM ºC m3/s ºC RH % m3/s 
I43.3-33.9-0.1 1500 43.3 0.802 33.9 30 0.100 
L43.3-30.8-0.1 2880 43.3 0.802 30.8 30 0.100 
H43.3-32-0.1 4480 43.3 0.802 32.0 30 0.100 
I54.4-33.9-0.1 1500 54.4 0.802 33.9 30 0.100 
L50-30.8-0.1 2880 50 0.802 30.8 30 0.100 
H52.2-32-0.1 4480 52.2 0.802 32.0 30 0.100 
 
The following figures show the comparison between the R744 System #2 and the R134a System #1 for all 
conditions specified by the additional test matrix. 
For R744 System #2 two orifice tubes from the vehicle were used instead of the TXVs from the R134a 
system. Figure 3-7 shows that the cooling capacity was higher at all conditions for the R744 System #2 compared to 
the R134a system, most significantly for the driving conditions at 32km/h (L…) and 64km/h (H…). Overall, the 
R744 System #2 showed a higher cooling capacity between 5% and 35%. However, the COP was lower at all 
conditions for the R744 System #2, most significantly at idle speed (I…) where the COP was lower by 64% as it can 
be seen in Figure 3-8. 
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Figure 3-7: Comparison of cooling capacity between R744 System #2 and R134a System #1 at the conditions of 
the additional test matrix 
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Figure 3-8: Comparison of COP between R744 System #2 and R134a System #1 at the conditions of the 
additional test matrix 
To improve the COP the displacement of the R744 compressor was reduced at condition H52.2-32-0.1 to 
match the cooling capacity of the R134a system. As the right hand graph in Figure 3-8 shows, the COP increased 
about 15% for equal cooling capacity. However, the COP was still lower (by 23%) than for the R134a system. 
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The reasons for this low COP were found as follows. First, the exit qualities at the evaporators were 
between 0.41 and 0.58 for the tests based on the additional test matrix. Second, the high side pressure was too low. 
For example, the high side pressure for the condition I54.4-33.9-0.1 was 104bar at 54.4°C for the gas coolers air 
inlet temperature. As shown later (see Section 3.4.3) the optimal high side pressure to achieve a high COP value 
would be 120bar for an air inlet temperature at the gas coolers of 54.4°C. Third, due to the mixing point, the total 
refrigerant mass flow rate flowing through SHLX/Accumulator caused a pressure drop of up to 3.4bar for the 
highest mass flow rate of 100g/s. 
It should be noted that the R134a system was charged with 1970g of R134a for the tests based on the 
additional test matrix (see Section 2.6.3) and therefore the difference in COP between the R744 System #2 and the 
R134a System #1 is expected to be higher if the proper charge of 3500g for the R134a System #1 would have been 
used. 
3.3 HMMWV R744 System #3 
To address the problem of the unequal refrigerant exit qualities at the evaporators, the fixed orifice tube 
upstream of the front evaporator was replaced with an electrical stepper motor expansion valve in the R744 System 
#3 which made it possible to keep the exit qualities equal at both evaporators for all tests. In addition to that, the 
mixing point of the two refrigerant branches was changed. For R744 System #3, the two branches were combined 
downstream of the IHX/Accumulator to lower the pressure drop across this component. 
3.3.1 Refrigerant Charge Determination for R744 System #3 
The charging condition was identical to the one used for System #2: compressor speed 2880RPM; air 
temperature inlet to the condenser 43°C, airflow rate through the gas cooler 0.897m³/s ; air temperature inlet to the 
evaporators 43°C, airflow rate through the evaporators 0.100m³/s, relative humidity 30%. 
The refrigerant charge was increased initially from 1000g up to 1150g in steps of 50g. For each refrigerant 
charge data was taken after reaching a steady state condition. The result of the charge determination test is shown in 
Figure 3-9. 
As result of the charge determination test the suggested optimum charge for R744 System #3 was 1100g 
since this charge provided the highest cooling capacity.  Figure 3-9 also shows that it was possible to achieve equal 
exit qualities at the evaporators by changing the setting of the electrical stepper motor expansion valve. The shape of 
the COP curve does is not as smooth as the curve for the cooling capacity. This can be explained by the fact that 
keeping the outlet qualities of the evaporators equal required the setting of the electrical expansion valve to be 
changed which caused a different high side pressure for each charge. 
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Figure 3-9: Charge determination test for HMMWV R744 System #3 
3.3.2 Comparison between HMMWV R744 System #3 and HMMWV R134a System #1  
With the suggested optimum charge for the HMMWV R744 System #3, two additional tests were 
performed at the charge test condition, one to match the cooling capacity of HMMWV R744 System #2 and one to 
match the cooling capacity of the HMMWV R134a System #1. To match the cooling capacities, it was necessary to 
reduce the displacement of the compressor for R744 System #3. The exit qualities of the evaporators were held 
equal for all data shown for R744 System #3 in Figure 3-10. 
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Figure 3-10: Comparison of HMMWV R744 System #2, HMMWV R744 System #3 and HMMWV R134a 
System #1 at the charge test condition 
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In summary Figure 3-10 shows that the R744 System #3 provides 7% more cooling capacity than the R744 
System #2. In addition, the COP is increased by 4%. By reducing the displacement of the compressor to achieve 
equal cooling capacities between Systems #2 & #3, System #3 provides a 14% higher COP than System #2. 
Comparing the R744 System #3 with the R134a System #1 at equal cooling capacities, the R744 System #3 provides 
a 14% higher COP than the R134a System #1.  
The comparison between R744 System #2 and System #3 shows that by keeping the refrigerant exit 
qualities at the evaporator equal and therefore operating the evaporators in the range of their best efficiency provides 
better system performance. 
3.3.3 Further Improvement of COP 
Another way to improve COP whilst maintaining capacity is to reduce compressor speed while increasing 
or maintaining displacement. To study the effect of reducing compressor speed rather than displacement on COP, 
two tests were performed. First, the R744 System #3 (one EEV) was run at the charge condition (condition L43-43-
0.1, Table 2-1). The displacement of the compressor was then reduced until the cooling capacity matched the 7.8kW 
cooling capacity of the R134a baseline System #1. The second test was performed the same way except that the 
displacement was kept at maximum and the compressor speed was reduced until the capacity reached 7.8kW. The 
evaporator exit qualities were held equal for those tests. 
Figure 3-11 shows the comparison between COP and isentropic efficiency for the cases of reduced speed 
and reduced displacement while maintaining a cooling capacity of 7.8kW. 
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Figure 3-11: Comparison of COP and isentropic efficiency for reduced displacement and reduced compressor 
speed at 7.8kW cooling capacity 
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The COP and isentropic efficiency shown in Figure 3-11 are calculated as follows: 
comp
QeCOP
W
=  Equation 3-1 
( ),out isen in
isen
comp
Mr h h
W
η ⋅ −=  Equation 3-2 
Figure 3-11shows that reducing compressor speed in comparison to reducing displacement causes a 9% 
increase in isentropic efficiency. Furthermore, the COP was 4.5% higher for the case of reduced compressor speed. 
Therefore it is better to reduce compressor speed rather than displacement to improve the COP since the compressor 
provides better isentropic efficiency at full displacement. 
The next step was to reduce the compressor speed of the R744 System #3 until it matched the cooling 
capacity of the R134a baseline System #1 for the following conditions: I43-43-0.1, L43-43-0.1 and H43-43-0.1. The 
goal of those tests was to find a reduced speed that would still provide higher cooling capacity than the R134a 
baseline System #1 but improved COP values. Figure 3-12 shows that the compressor speeds required to achieve the 
same cooling capacity as the R134a baseline system were significantly lower for the R744 System #3. To match the 
cooling capacity at condition H43-43-0.1, which corresponds to a vehicle speed of 64 km/h (40mph), the R744 
System #3 only required a compressor speed of 1300RPM. Figure 3-12 shows the resulting COP values for the case 
of reduced speed at matched cooling capacities. The COP values were 30% to 60% higher for the R744 System #3 
compared to the R134a System #1. Based on those results the compressor speed was reduced by 41% for the final 
tests conducted with the R744 System #4. For the vehicle this meant a reduction in the pulley ratio from 2.4:1 to 
1.3:1. 
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Figure 3-12: Reduced compressor speed of R744 System #3 required to match cooling capacity of the R134a 
System #1  
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The main conclusion from the R744 System #3 experiments is that the exit qualities of the evaporators 
could be kept constant due to controlling the electrical stepper motor expansion valve, and therefore the R744 
System #3 had a better performance compared to the R744 System #2. 
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Figure 3-13: COP of R744 System #3 at reduced speed compared to R134a System #1 
3.4 HMMWV R744 System #4 
The difference between the R744 System #4 and the R744 System #3 is that adjustable electrical expansion 
valves were used upstream of both evaporators. With one adjustable expansion valve and one orifice tube (R744 
System #3), it is possible to achieve equal evaporator exit qualities, but it is not possible to control the high side 
pressure at the same time. By exchanging the orifice tube with a second electrical expansion valve, thereby 
controlling the high side pressure, further COP improvement can be achieved. The COP has a maxium for a certain 
high side pressure above the critical point due to the S shape curves of the isotherms and the compression lines [6]. 
The difficulty is determining the optimum high side pressure for each condition which maximizes the COP. 
3.4.1 Iterative Approach to Optimize HMMWV R744 System #4   
The optimum high side pressure for an R744 system is typically given as a function of the air inlet 
temperature to the gas cooler or as a function of the refrigerant exit temperature of the gas cooler. For a typical R744 
two evaporator system one usually has the following degrees of freedom which influence the system performance 
(for a fixed condition with given compressor speed): amount of charge, refrigerant exit qualities at the evaporators, 
compressor displacement, and high side pressure. For the R744 HMMWV vehicle system the objective was to 
achieve maximum cooling capacity. Therefore, the compressor displacement was set to maximum displacement, 
eliminating one degree of freedom. The results from System #3 showed that keeping equal exit qualities at the 
evaporators provides best COP. Equal exit qualities at the evaporators result in an equal load distribution between 
the two evaporators which ensures that both evaporators are operated with high effectiveness. This leaves the charge 
and the choice of high side pressure as the degrees of freedom. One can think of two iterative approaches to 
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determine the optimum charge and high side pressure. The first approach is to fix a charge and then vary the high 
side pressure at the given condition. The COP is then plotted versus the high side pressure. Repeating this procedure 
with a different charge and comparing with the first iteration gives information on whether the charge should be 
increased or decreased for the third test. The second approach is to guess a high side pressure and keep this pressure 
constant while incrementally increasing the charge. After the proper charge is determined (the charge which 
provided the best COP) one varies the high side pressure to check if the initial guess of the high side pressure was 
too low or too high. Both approaches require roughly the same amount of iterative testing. The second approach was 
chosen to optimize the HMMWV R744 System #4. 
3.4.2 Refrigerant Charge Determination for HMMWV R744 System #4 
The charging condition was as follows: compressor speed 1550RPM; air temperature inlet to the condenser 
43°C, airflow rate through the gas cooler 0.897m³/s; air temperature inlet to the evaporators 43°C, airflow rate 
through the evaporators 0.100m³/s, relative humidity 30%. 
The refrigerant charge was increased initially from 1000g up to 1250g in steps of 50g. For each refrigerant 
charge, data was taken after reaching a steady state condition. The optimal high side pressure was found by iteration 
as described previously. Figure 3-14 shows the result of the charge determination test for the optimal high side 
pressure of 10.7MPa. 
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Figure 3-14: Charge determination test for HMMWV R744 System #4 
In Figure 3-14 the COP curve shows a distinct maximum at a charge of 1100g. The outlet qualities of the 
evaporators are close to 1 at this charge, which usually indicates a good refrigerant distribution in the evaporators. 
The curve for the cooling capacity does not show as much of a distinct maximum as the COP curve does but it 
shows an almost constant value for charges between 1050g and 1150g.  
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Based on this result, the optimum charge for the HMMWV R744 System #4 is suggested to be 1100g, 
which is identical to the suggested charge of HMMWV R744 System #3 and 50g less than for System #2. This 
shows that although the setups for the three HMMWV R744 systems were different the optimum charge stayed 
almost the same. This is mainly due to the fact that the internal volumes between the three HMMWV R744 systems 
are identical. 
3.4.3 Optimization of High Side Pressure for HMMWV R744 System #4 
With the optimum charge found several tests at three different conditions, L35-35-0.1, L43-43-0.1, and 
L49-49-0.1 (Table 2-1) were conducted. For each of these ambient conditions, the high side pressure was varied to 
obtain a curve for COP and cooling capacity. The results of those experiments are shown in Figure 3-15.  By using 
the high side pressure corresponding to the maximum COP for each curve, a linear equation was developed that 
provided the optimum high side pressure for a given gas cooler air inlet temperature.  
[ ] 123.4 [ ] 5324Pcro kPa Tcai C= ⋅ +D  Equation 3-3 
A linear equation was used for simplicity since it showed good agreement with the data over the range of 
conditions. However, the physical relationship between maximum COP and high side pressure is more complex and 
therefore not linear [6]. For the final tests with HMMWV R744 System #4 presented in the following section the 
expansion valves were then controlled to set the high side pressure according to Equation 3-3 in addition to keeping 
the exit qualities of the evaporators equal. 
 
Figure 3-15: COP and cooling capacity vs. gas cooler outlet pressure for HMMWV R744 System #4 
3.4.4 Comparison between HMMWV R744 System #4 and HMMWV R134a System #1  
For the experiments presented in this section, a charge of 1100g was used based on the result presented in 
Section 3.4.2. The expansion valves were controlled to set the high side pressure according to Equation 3-3 while 
keeping the exit qualities of the evaporators equal.  
Figure 3-16 shows the overall cooling capacities for the test matrix given in Table 2-1 for the R134a 
Systems #1 and the R744 System #4 at three compressor speeds which correspond to three different vehicle speeds. 
The cooling capacity for the R744 System #4 ranges from 5.3kW to 12.1kW. It can be seen that at idle speed, the 
R744 system matches the cooling capacity of the R134a baseline system. For higher speeds, the R744 system shows 
a significant increase in cooling capacity. Compared to the R134a baseline system, the cooling capacity of the R744 
system is up to 57% higher. For the R134a System #1 the cooling capacity decreases by 10% when the condenser 
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inlet temperature is raised from 43°C to 58°C. The same increase in air inlet temperature at the gas cooler for the 
R744 System #4 leads to a decrease in cooling capacity of 15% for the idle and high speed condition, and to a 
decrease of 21% for the low speed condition. The R134a System #1 shows a decrease in cooling capacity by 15% 
for the high and low speed conditions and by 7% for the idle condition when the condenser inlet temperature was 
raised to 64°C. The R744 System #4 shows a decrease of 14% for the idle condition and a decrease of 20% for the 
low and high speed condition. Therefore, the R744 System #4 is more sensitive to an increase in air inlet 
temperature at the gas cooler in terms of cooling capacity then R134a System #1.  
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Figure 3-16:  Overall cooling capacity for R744 System #4 and R134a System #1 
Figure 3-16 shows the COP values for the test matrix given in Table 2-1 for the R134a Systems #1 and the 
R744 System #4. The COP ranges from 1.2 to 4.0 for the R744 System #4. Compared to the R134a baseline system, 
the COP for the R744 system #4 is up to 18% higher. It can be seen that the COP of the R744 System #4 is higher 
for the lower temperature conditions. However, even for the elevated ambient temperature conditions at 58°C and 
64°C, where R744 automotive systems usually show lower performance than R134a systems, the R744 System #4 
shows equal COP values. For the R134a system the COP decreased by 18% when the condenser inlet temperature 
was raised to 58°C from 43°C. The R744 System #4 shows a decrease of 27% for the same increase in air inlet 
temperature at the gas cooler. For the 49°C ambient condition the COP decreased by 22% for the R134a System and 
by 27% for the R744 System #4 when the condenser/gas cooler inlet temperature was raised to 64°C. Therefore, the 
R744 System #4 COP shows a higher sensitivity to changes in the air inlet temperature at the gas cooler then the 
R134a System.  
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Figure 3-17: COP for R744 System #4 and R134a System #1 
It should be mentioned here again that those results should be judged based on the fact that the R134a 
System #1 was an “of the shelf” air conditioning system used in some of the U.S. Army HMMWVs and that the 
R744 system components were state of the art prototype components. Furthermore, the R744 System #4 was COP-
optimized whereas for the R134a system only the charge was optimized. 
The main conclusion from the R744 System #4 is that by controlling the expansion valves to keep the exit 
qualities at the evaporators equal and by adjusting the high side pressure based on Equiation 3-3 it is possible to 
achieve higher cooling capacities and COP values than the R134a baseline system. 
3.5 Conclusion 
The R744 System #2 had two orifice tubes. This system showed an increased cooling capacity between 5% 
and 35% compared to the R134a baseline System #1. However, the COP was significantly lower by 54% to 64%. 
One fixed orifice tube was replaced by an EEV for R744 System #3. By changing the opening of the EEV 
it was possible to keep the refrigerant exit qualities of the evaporators equal. This system showed a 67% higher 
cooling capacity than the R134a baseline System #1 compared at the charge condition. However, the COP was still 
lower by 30%. When compared at equal cooling capacities System #3 showed a 14% higher COP than the R134a 
baseline System #1. The main conclusion from R744 System #3 is that keeping equal refrigerant exit qualities at the 
evaporators improves the system performance. Also, by controlling only one expansion device either higher cooling 
capacity or higher COP can be achieved but not both at the same time. A comparison experiment showed that an 
additional increase in COP can be achieved by reducing the compressor speed instead of the compressor 
displacement.  
The R744 System #4 had two EEVs which made it possible to control the high side pressure while keeping 
the exit qualities of the evaporators equal. A high side pressure equation was determined to maximize COP based on 
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one of the iterative approaches presented. System #4 shows higher cooling capacity and higher COP compared to 
the R134a baseline System #4. The cooling capacity is increased up to 57% and the COP up to 18%. In summary, it 
was demonstrated that the R744 System #4 can provide higher cooling capacity and higher COP compared to the 
R134a baseline System #1 built from A/C components currently used in some of the U.S. Army HMMWVs [7]. 
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Chapter 4. Further Investigation of R744 Two Evaporator Systems 
This chapter presents work conducted to experimentally explore further issues related to R744 two 
evaporator systems. Different system configurations are explored in steady state conditions using different 
expansion devices, namely fixed orifice tubes and stepper motor expansion valves. The pro and cons of using fixed 
orifice tubes in an R744 two evaporator system are addressed. Since for certain system configurations the 
occurrence of two stable conditions was observed, Section 4.1 is dedicated analyzing this phenomenon. A prototype 
accumulator with the possibility of controlling the quality of the refrigerant exit stream and sight glasses was used to 
get further insight into system behavior. The influence of changing the expansion valve openings on the system 
performance is analyzed. By combining the knowledge of how the accumulator and the expansion valves influence 
the system, a control strategy is presented. Transient tests with different airflow rates at the evaporators are 
presented to demonstrate how controlling the expansion valves can increase the system performance. 
4.1 The Occurrence of Instabilities 
Three different system configurations of an R744 two evaporator mobile air conditioning system were 
experimentally investigated at steady state conditions. The components used for those configurations were identical 
to those used for the HMMWV R744 breadboard system as described in Section 3.1, except for the third 
Configuration which used two identical evaporators (see Table D-7). The goal is to get a better understanding about 
where to split and reunite the two refrigerant streams and how this affects the system behavior. The three different 
configurations investigated are shown in Figure 4-1.  
 
Figure 4-1: Different configurations for R744 two evaporator system 
The first (1) and second (2) Configurations shown in Figure 4-1 are not necessarily typical for R744 mobile 
air conditioning systems. They are considered here as possible configurations, since in some instances the two 
evaporators may be at considerable distance to each other and therefore splitting of the two refrigerant streams 
directly downstream of the compressor may be desired. 
1 
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For Configuration 1 and 2 an interesting phenomenon was noticed. At fixed settings of all variable 
parameters of the system and at steady state at identical operation conditions two stable points were observed. If the 
system was run at steady state no change or fluctuations occurred, the system was stable. However, if the system 
was disturbed by changing the airflow rates one or both evaporators, it repeatedly happened that the system showed, 
after coming to a steady state, transposed mass flow rates and exit qualities at the evaporators. However, the COP 
and the sum of the cooling capacities from both evaporators showed the same values as for the previous steady state. 
Furthermore, when starting the system, it was not possible to predict which of the two stable points will be reached 
at steady state. For Configuration 3 such an instability was not observed. 
To get better understanding of what causes this phenomenon, a closer look at representative experimental 
data is needed. Figure 4-2 shows the transient behavior of the refrigerant mass flow rates at the evaporators when a 
transition from one stable condition to another is initiated by changing the airflow rates at the evaporators. The 
ambient condition used for this test was L43.3-30.8-0.1 (see Table 3-3) and the first system Configuration was used. 
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Figure 4-2: Transient behavior of refrigerant mass flow rates during transition 
To initiate the transition, the airflow rate at Evaporator 2 was increased from 0.10m³/s to 0.11m³/s at time 
index 420 while at the same time index the airflow rate at Evaporator 1 was decreased from 0.10m³/s to 0.09m³/s. At 
time index 534 the airflow rates at both evaporators were changed back to 0.1m³/s. As Figure 4-2 shows the 
refrigerant mass flow rate at Evaporator 2 drops down from 38g/s to 23g/s while the refrigerant mass flow rate at 
Evaporator 1 increases from 26g/s to 35g/s. Although the disturbance, changing the airflow rates the evaporators by 
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10% up and down and therefore keeping the sum constant, was relatively small, the system showed a significant 
response.  
To further analyses this transition phenomenon steady state data was taken before and after a transition was 
induced. For this test the system was run at condition L35-35-0.1 corresponding to HMMWV R744 system #4 (see 
Table 2-1) and the second system Configuration was used. The transition was triggered similarly as described above. 
As Figure 4-3 shows that for stable condition B the refrigerant mass flow rates at Evaporator 1 decreases by 
17.3% while it increases by 37.0% at Evaporator 2. Although the overall refrigerant mass flow rate increases by 
6.6%, the overall cooling capacity, the sum of the cooling capacities at Evaporator 1 and 2, changes only by 1.1%, 
which is in respect to the measurement uncertainty almost no change. However, the individual cooling capacities at 
the evaporators are nearly transposed. Corresponding to the increase in refrigerant mass flow rate, Evaporator 2 
shows an increase of 7.3% in cooling capacity while Evaporator 1 shows a decrease of 9.0%. The COP for both 
stable conditions was the same.  
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Figure 4-3: Comparison of stable conditions 
For the investigated Configurations 1 and 2 in Figure 4-1 only two stable conditions were observed. The 
key to understand this phenomenon is the refrigerant side pressure drop across each branch. In Figure 4-1 the two 
branches for Configuration 2 have different components. The lower branch has an accumulator and the evaporator 
and internal heat exchanger were different in design than the ones in the upper branch. If both branches were 
completely separated (not in the same system), but still had the same inlet conditions and heat loads at the 
evaporators, one would expect to measure a different outlet pressure for each of those branches although both have 
the same mass flow rate. This is because the components in the branches were physically different and therefore 
exhibit different pressure drops. In a two evaporator system, however, the pressure drop across each branch is forced 
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to be the same. Therefore the refrigerant mass flow rate in each branch has to “adjust” to fulfill this physical 
requirement. For Configuration 3, where no instability problem was observed, the components and piping are 
similar in each branch and there is no difference in mass flow rates between the two branches. For that reason all 
experimental data shown in the following Sections of this chapter were obtained by using Configuration 3, splitting 
the refrigerant mass flow upstream the expansion devices and combining it downstream of the evaporators.  
In conclusion, there was an instability observed for certain configurations of R744 two evaporator systems. 
This phenomenon is caused by the total pressure drop across each branch which is forced to be equal. This results in 
different refrigerant mass flow rates across each branch. The refrigerant mass flow rates are different in such a way 
that the sum of all individual components and pipe pressure drops in each branch balance the total pressure drop. 
4.2 Fixed Orifices versus Controlled Expansion Devices – The Tradeoff 
Although there are many expansion device combinations thinkable, the most common are fixed area 
expansion devices and controlled expansion devices. Fixed area expansion devices have the advantage of being 
inexpensive and purely mechanical. Controlled expansion devices, like stepper motor valves, are expensive and they 
need a current supply and a controller. The advantage of controlled expansion devices is that the high side pressure 
can be controlled to achieve maximum performance. This chapter analyses the difference in performance for an 
R744 two evaporator system for the case when two fixed orifice tubes are used compared to the case when two 
electrical expansion devices are used. 
When fixed area expansion devices are used it is important to choose the right size. To demonstrate the 
impact on system performance of improper sizing of fixed area expansion devices two different sized fixed orifice 
tubes were used in R744 System #2. One pair of fixed orifice tubes had an inner diameter of 0.762mm while the 
other pair had inner diameter of 0.990mm. All fixed orifice tubes had a length of 38.1mm. Figure 4-4 shows the 
difference in cooling capacity and COP for condition I43-33.9-0.1 (see Table 2-3). 
0
1
2
3
4
5
6
7
8
Cooling Capacity COP
C
ap
ac
ity
 [k
W
] 
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
C
O
P 
[-]
Orifice tube diameter 0.762 mm Orifice tube diameter 0.990 mm
 
Figure 4-4:  Difference of performance for different sizes of fixed orifice tubes 
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As it can be seen from Figure 4-4 the cooling capacity is higher by 39% and the COP is higher by 21% for 
the case when fixed orifice tubes with an inner diameter of 0.762mm are used. The reason for this significant 
difference in performance is mainly due to the difference in high side pressure. From Equation 3-3 optimum high 
side pressure to achieve best COP at the given condition would be 10.67MPa. When the 0.762mm orifice tubes were 
used the high side pressure was 10.76MPa whereas for the 0.990mm fixed orifice tubes the high side pressure was 
only 9.48MPa. This shows how important proper sizing of the fixed orifice tubes is to achieve good performance. 
To evaluate the difference in performance between fixed expansion devices and controlled expansion 
devices the following experiments were performed. Configuration 3 (see Figure 4-1) was used with two fixed orifice 
tubes (length = 38.1mm, diameter = 0.762mm) and with two stepper motor expansion valves which were optimized 
for each condition to achieve best COP. The fixed orifice tubes are optimized for an operation condition of 43°C 
with a compressor speed of 810RPM (see Table 2-1, R744 System #4). Basically, this condition can be viewed as 
the design condition. To see how the fixed orifice tubes compare to controlled expansion valves in terms of cooling 
capacity and COP in off-design conditions two scenarios were explored. First, the airflow rates at the evaporators 
were held constant but the ambient condition was changed (results shown in Figure 4-5 and Figure 4-6). Second, the 
ambient condition was held constant but the airflow rate at one evaporator was changed (results shown in Figure 4-7 
and Figure 4-8). 
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Figure 4-5: Fixed orifice tubes vs. controlled expansion devices: Comparison of cooling capacities for fixed 
airflow rates at the evaporators but variable ambient condition 
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Figure 4-6: Fixed orifice tubes vs. controlled expansion devices: Comparison of COP for fixed airflow rates at 
the evaporators but variable ambient condition 
In conclusion, as seen in Figure 4-5, there is no difference in terms of cooling capacities between fixed 
orifice tubes and controlled expansion valves when the ambient condition is changed from 43°C to 35°C. However, 
it should be noted that if the compressor speed is changed from 810RPM to 1550RPM the system with the fixed 
orifice tubes shows a decrease of 6.5% in cooling capacity. Approximately the same loss in cooling capacity is 
observed for the operation condition at 35°C with a compressor speed of 1550RPM. 
The picture changes slightly when the COP values are compared. From Figure 4-6 it can be seen that when 
the ambient temperature is changed from 43°C to 35°C the COP shows a small decrease by 5.4% for the system 
with fixed orifice tubes. There is, however, a greater impact on the COP if the compressor speed is changed. The 
COP is lower by 18% for both operation conditions, 43°C and 35°C, at a compressor speed of 1550RPM. The 
reason for this lower COP (and cooling capacity) can be found in the difference in high side pressure. The system 
with fixed orifice tubes shows a high side pressure of 10.6MPa for the 35°C/1550RPM ambient condition whereas 
the system with the controlled expansion valves shows a high side pressure of 9.6MPa which is the optimum high 
side pressure for best COP based on Equation 3-3. Similarly for the 43°C/1550RPM ambient condition the high side 
pressure is 12.6MPa instead of 10.6MPa for the system with fixed orifice tubes. 
The lesson learned from this comparison is that if fixed orifice tubes are optimized for a design condition, a 
change in ambient condition has only a minor influence on the performance. However, a change in compressor 
speed, even at the design condition, has a noticeable influence on the performance.  
The next step is to investigate how a system with fixed orifice tubes compares to a system with controlled 
expansion devices if the airflow rate at one evaporator is changed while the ambient condition is held constant. 
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Figure 4-7 shows the impact on cooling capacity and COP for a 5% reduction in airflow rate at one evaporator and 
Figure 4-8 shows it for the case if one blower is turned off. The condition used for the results shown in Figure 4-7 is 
the design condition 43°C/810RPM. The condition used for the results shown in Figure 4-8 is 35°C/1550RPM.  
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Figure 4-7: Fixed orifice tubes vs. controlled expansion devices: Comparison of COP and cooling capacity for 
fixed ambient condition with reduced airflow rate at one evaporator 
As Figure 4-7 shows there is a measurable but small difference in performance for the system using fixed 
orifice tubes. A 50% reduction in airflow rate leads to 10% reduction in cooling capacity and a 5% reduction in COP 
compared to the system with controlled electrical expansion valves. The expansion valves were controlled in such a 
manner that the high side pressure was kept at the optimum value as given by Equation 3-3 and that the refrigerant 
exit qualities at the evaporators were kept equal. The lower performance for the system with fixed orifice tubes can 
be explained as follows. Due to the reduced airflow rate the air side load at this evaporator is reduced which leads to 
a lower refrigerant exit quality at that evaporator and therefore to unequal evaporator exit qualities which (as shown 
in Section 3.3) leads to a lower performance. This was examined in more detail in Section 4.3.3 which also looks at 
the transient behavior when the airflow rate is reduced at one evaporator. 
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Figure 4-8: Fixed orifice tubes vs. controlled expansion devices: Comparison of COP and cooling capacity for 
fixed ambient condition with no airflow rate at one evaporator 
More significant is the difference between a system with fixed orifice tubes and a system with controlled 
electrical expansion valves when one blower is turned off. As Figure 4-8 shows, both the cooling capacity and the 
COP are significantly lower for the system with fixed orifice tubes when one blower is turned off. The reason for 
this very low performance is that due to the reduced air side load the low side pressure can drop below freezing 
which leads to frost build-up at the evaporators. For the operation condition at 35°C/1550RPM the evaporator with 
no airflow was completely covered with frost after 5 minutes as shown in Figure C-1. The second evaporator was to 
1/3 covered with frost which obstructed the airflow at this evaporator as shown in Figure C-2. At this point the 
internal heat exchanger still provided 10°C superheat at the compressor inlet, but eventually the second evaporator 
would be also completely covered with frost which would cause a complete failure of the A/C system. Therefore it 
is of utmost importance to enforce measures to prevent such a failure. Possible solutions would be to reduce the 
compressor displacement, cycling of the compressor or at least a low pressure cut-out to prevent compressor 
damage. In either case the performance would be lower than for the case with controlled electrical expansion valves 
since there would be always refrigerant flow through both evaporators but only one evaporator actually exchanges 
heat with the environment. Therefore this system is penalized by the additional compressor power necessary to drive 
the refrigerant flow rate through both evaporators. 
For the system with controlled electrical expansion valves the valves settings were changed as follows. The 
expansion valve upstream the evaporator where the airflow is zero was completely closed. This converted the two 
evaporator system into a one evaporator system. The expansion valve upstream the evaporator with airflow was then 
controlled to provide the optimum high side pressure for best COP as for a single evaporator system. 
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Table 4-1 summarizes what was learned regarding fixed orifice tubes and controlled electrical expansion 
devices in R744 two evaporator systems. 
Table 4-1: Overview of performance of expansion device combinations for different scenarios  
 
 
Besides the combination of two electrical expansion devices and two fixed area expansion devices, another 
combination, namely one controlled and one fixed area expansion device, is also shown in Table 4-1.  This 
expansion device combination was used for the HMMWV R744 System #3 (Section 3.3). Three different scenarios 
are shown in the columns of Table 4-1. The first scenario is for an R744 two evaporator system exposed to a fixed 
ambient condition and fixed airflow rates at the evaporators which it may be the case for a display case inside a 
supermarket. For this case all expansion device combinations could match the best performance. As shown earlier, if 
the fixed orifice tubes are optimized for the design condition they provide the same performance as controlled 
electrical expansion valves. It should be noted, however, that fixed orifice tubes can be only optimized for one high 
side pressure whereas controlled expansion valves can be set, e.g. to a high side pressure which provides best COP 
or highest capacity, as it may be needed for a quick cool down. 
The second scenario looks at variable ambient conditions but fixed airflow rates at the evaporators. As for 
the case of two fixed area expansion devices it was shown that although the fixed orifice tubes were optimized at the 
design condition, at off-design condition there was some minor loss in performance (Figure 4-5 and Figure 4-6). 
Therefore, while fixed orifice tubes might not achieve best performance they still provide good performance for this 
case. 
The third scenario is typical for vehicles where the ambient conditions and the airflow rates are variable. In 
this case one has to be careful regarding the fixed area expansion devices if one of the blowers is allowed to be 
turned off because of the possibility of frost build-up at the evaporators as described earlier. If both blowers have the 
options of being turned off the combination of one electrical and one fixed area expansion devices runs into the 
same problem. However, if only one blower, e.g. the rear blower in a vehicle, is allowed to be turned off, then the 
controlled expansion device should be installed upstream of this evaporator. This allows converting the two 
evaporator system into a one evaporator system if the controlled expansion device can be closed completely. Section 
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4.3 describes how two controlled expansion devices need to be adjusted to achieve the best performance for scenario 
three. 
4.3 Control Strategies for R744 Two Evaporator Systems 
All experiments shown in this Section are performed with an R744 two evaporator system based on 
Configuration 3 (Figure 4-1) with identical evaporators (Table D-7) and a prototype accumulator (described below 
in Figure 4-10).  
It has been shown that the most important issue to achieve optimum performance for a R744 two 
evaporator system is the ability to control the high side pressure. To illustrate this importance Figure 4-9 shows the 
cooling capacity, compressor power and COP plotted against the high side pressure after the gas cooler. The 
operating condition for these tests were identical to the I35-35-0.1 HMMWV R744 System #4 operating condition 
(see Table 2-1) with the exceptions of the relative humidity which was set to 20% instead of 40%. 
As Figure 4-9shows, the optimum high side pressure to achieve highest COP for the operation condition 
shown is 8.6MPa. However, for maximum cooling capacity a high side pressure of 10.5MPa would be required. 
This demonstrates that by controlling the high side pressure of an R744 two evaporator system, one can achieve 
highest COP or maximum cooling capacity depending on what is required. The difficulty for an R744 two 
evaporator system, compared to a single evaporator system, is not only to achieve the required high side pressure but 
also to achieve a good refrigerant mass flow rate distribution over the two evaporators. Before possible control 
strategies are developed, an examination of the accumulator and at how changing the expansion valves openings 
affects the system is undertaken in Sections 4.3.1 and 4.3.2. 
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Figure 4-9: Influence of high side pressure on system performance 
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4.3.1 The Role of an Accumulator in an R744 Two Evaporator System 
For an R744 two evaporator air conditioning system based on Configuration 3 (see Figure 4-1) the 
accumulator is usually installed downstream the evaporator and upstream the internal heat exchanger. In this case 
the accumulator serves as a storage vessel for the excessive refrigerant since the mass stored in the other 
components in the system strongly depends on the system operating condition. Ideally, the accumulator should 
separate the refrigerant phases and the oil to allow only refrigerant vapor and oil to exit the accumulator. Then, in 
steady state operation and assuming no pressure drop, the inlet quality equals the exit quality of the accumulator 
which in an idealized system (no refrigerant in oil) is one. Therefore, for a single evaporator system the exit quality 
of the evaporator is one which has the advantage that the all phase change energy can be used for the heat transfer. It 
should be noted however, that in a real application, refrigerant may be dissolved in the oil which effectively lowers 
the outlet quality and reduces the amount of “useable” phase change energy. 
One common accumulator design is based on a J-tube design. In this case a usually cylindrical shaped 
vessel has an inlet where refrigerant and oil from the evaporator enters the vessel. A J-shaped-tube is mounted inside 
which has a hole on the bottom. This J-tube is the only exit of the accumulator. The idea for this design is that the J-
tube opening is above the liquid level of the refrigerant and therefore ideally only vapor is sucked into this pipe. The 
hole at the bottom should ideally suck in only oil from the bottom of the accumulator. In the real application, 
however, the bottom hole is surrounded by mixture of liquid refrigerant and oil. Furthermore, the liquid column 
above the hole determines the pressure head and therefore how much liquid refrigerant and oil is passed through. 
The drawback is that at different operating conditions the refrigerant liquid column height is changing which means 
that the refrigerant exit quality of the evaporator might not necessarily be one for certain conditions. 
To avoid this problem and its effects on the system performance, a prototype accumulator that did not have 
this configuration was used for the conducted experiments. Figure 4-10 shows the design of this accumulator. 
 
Figure 4-10: Prototype accumulator used for experiments 
As the schematic in Figure 4-10 shows, this design has two ports at the top and a port at the bottom of the 
accumulator. One of the top ports is the inlet for the two phase refrigerant and oil mixture coming from the 
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evaporators whereas the other port serves as vapor phase outlet. An external metering valve at the bottom outlet 
allows controlling the outflow of liquid R744 and oil. The sight glass allows monitoring of the liquid refrigerant 
level. A camcorder was used to monitor the liquid level during operation.  
Figure 4-11 shows an interesting phenomenon which was observed while monitoring the liquid level of the 
accumulator. When the system was not running a distinct phase separation boundary between liquid and vapor was 
visible at sub critical equilibrium. However, when the system was run and reached steady state, small bubbles were 
observed in the liquid R744 phase making it appear opaque. This means that an ideal phase separation was not 
taking place. For this reason the liquid level inside of the accumulator is reported as the apparent liquid level.   
 
Figure 4-11: Visualization of refrigerant liquid level in accumulator; the left picture is taken at sub critical 
equilibrium, the right picture is taken at steady state 
This prototype accumulator was installed based on Configuration 3 in an R744 two evaporator system. Due 
to the imperfect phase separation and to assure that enough oil was returned to the compressor, the exit quality at 
steady state was held at 0.95 to 0.99 for all conditions at which there was apparent liquid inside the accumulator. For 
a single evaporator system at steady state the inlet and exit quality of the accumulator must be equal. This still holds 
for a two evaporator system, but for a two evaporator system in this configuration, the inlet quality of the 
accumulator is the combination of the outlet qualities of the evaporators. The constraint is that the mixing quality of 
the streams from the evaporators must be equal to the accumulator inlet and exit qualities. Therefore, depending on 
the conditions and distribution of the refrigerant mass flow rates over the evaporators it is possible to have, e.g., one 
evaporator with an exit quality of 0.8 and the other evaporator with superheated exit conditions and still have the 
accumulator inlet/exit quality of 0.97. 
In conclusion for an R744 two evaporator system based on Configuration 3 even an ideal accumulator, one 
which has an inlet/exit quality of one at steady state, does not guarantee that the refrigerant exit qualities at both 
evaporators are also one. It only guarantees that the quality of the mixed stream from both evaporators has a quality 
of one. Therefore, to have equal refrigerant exit qualities at each evaporator it is still necessary to adjust the 
refrigerant mass flow rate distribution over the evaporators. 
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4.3.2 How Changing the Expansion Valve Openings Affects the System 
In this Section a closer look is taken at how a change in expansion valves openings affects the system. First, 
the case of opposite changing of expansion valve openings is considered. Figure 4-12 shows an illustration for this 
case in a pressure specific enthalpy diagram focusing on the exit qualities of the evaporators.  
 
Figure 4-12: Effect of opposite changing of expansion valve openings 
The bars on the right side of each picture in Figure 4-12 denote the openings in percent of the expansion 
devices. As it can be seen on the left hand picture the expansion valves upstream the “red-crossed” evaporator is 
closed a little bit more than the other expansion valve. This results in a slightly higher mass flow rate over the 
“green” evaporator and a slightly lower mass flow rate over the “red” evaporator. Correspondingly, the “green” 
evaporator has a slightly lower exit quality than the “red” evaporator. Since the mixing quality of both streams is 
fixed by the accumulator the “red” evaporator shows slightly superheated refrigerant at its exit. If the expansion 
valves are closed further in opposite directions the refrigerant mass flow rate distribution over the evaporators is 
even more uneven. The right hand picture in Figure 4-12 shows this case when the system has reached a steady 
state. Now the differences in exit qualities are more significant. The “red” evaporator shows significant superheat 
while the “green” evaporator has a lower exit quality. Interesting to note is that if the expansion valves are changed 
by the same percentage in opposite direction the high side pressure does not change. This, of course, is only the case 
in a certain range because the superheat at the one evaporator is limited by ambient temperature. 
The second case shows how equal changing of the expansion valve openings affects the system. Figure 4-
13 shows actual steady state experimental data in a pressure specific enthalpy diagram for three different openings 
of the expansion valves. The COP and cooling capacity values are shown in Figure 4-9 with high side pressures after 
the gas cooler of 8.3MPa, 9.4MPa and 10.5MPa. 
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Figure 4-13: Effect of equal changing of expansion valve openings 
The arrow in Figure 4-13 denotes the change if the expansion valves are closed equally by the same 
percentage. As it can be seen equal closing of the expansion valves increases the high side pressure but has no effect 
on the exit qualities of the evaporators. Two factors lead to this behavior. First, the relative mass flow rate 
distribution stays the same if the expansion valves are changed equally. Second, if the exit qualities of the 
evaporators are equal they have to be equal to the accumulator inlet/exit quality. 
The above mentioned cases of opposite and equal change of expansion valves by the same percentage are 
important to develop a control strategy which is described in the next Section. To complete the current Section Table 
4-2 summarizes how changes in expansion valve openings, besides the two mentioned above, influence the system. 
The starting point before the opening(s) of the expansion valve(s) is/are changed is that there is liquid refrigerant in 
the accumulator and that the refrigerant exit qualities are equal to the accumulator inlet/exit quality. It is important to 
note that what is shown in Table 4-2 are general trends and that depending on the system, operation condition and on 
how big the change(s) in expansion valve(s) opening(s) is/are those trends might not hold true. 
Closing  
expansion valves 
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Table 4-2: Summary of how changing the expansion valve openings affect the system 
Change in Expansion 
Valves openings Influence on 
#1 #2 High side pressure 
Mr over 
Evaporator #1 
Mr over 
Evaporator #2 x out at #1 x out at #2 
open - decreases increases decreases lower higher/superheat 
close - increases decreases increases higher/superheat lower 
- open decreases decreases increases higher/superheat lower 
- close increases increases decreases lower higher/superheat 
open close no change increases decreases lower higher/superheat 
close open no change decreases increases higher/superheat lower 
close close increases decreases decreases no change no change 
open open decreases increases increases no change no change 
 
The two leftmost columns in Table 4-2 show how the openings of the expansion valves are changed. The 
third column shows the impact on the high side pressure, the forth and fifth columns show the relative change of the 
refrigerant mass flow (Mr) over each evaporator and the last two columns show the impact on the refrigerant exit 
qualities (x out) at the evaporators. For the cases shown in the last four rows in Table 4-2 it is assumed that the 
changes in expansion valve openings are of the same percentage. 
4.3.3 Control Strategy Using Two Adjustable Expansion Devices 
Based on the experience gained from investigating an R744 two evaporator system based on Configuration 
3 (see Figure 4-1) using identical evaporators and the prototype accumulator introduced in Section 4.3.1, some 
important insights regarding controlling such a system have been obtained. 
As it is shown in Figure 4-9, controlling the high side pressure is necessary to achieve good performance. 
However, both expansion devices need to be controlled since the best performance is achieved when the exit 
qualities at both evaporators are the same. This is particularly important for the case of different airflow rates at the 
evaporators. Furthermore, as explained in Sections 4.3.1 and 4.3.2, the exit qualities of the evaporators, can be 
different even when an accumulator is used because only the mixing quality is controlled by the accumulator. 
Therefore, a control strategy for Configuration 3 must account for the following. Both expansion devices 
need to be controlled based on a high side pressure equation while avoiding superheat at either of the evaporators. 
Avoiding superheat will give almost equal evaporator exit qualities close to one if the accumulator works ideally. 
Since experiments have shown that there is a higher sensitivity to high side pressure than to mismatched evaporator 
exit qualities or superheat, a priority of control objectives can be defined. The primary control objective is to achieve 
the optimum high side pressure for the given operation condition. The secondary control objective is to equalize the 
refrigerant exit qualities at the evaporators. Based on the findings of the previous two Sections the primary control 
objective can be achieved by simultaneously closing or opening the expansion valves until the required high side 
pressure is achieved. The secondary control objective can be achieved by closing or opening each expansion device 
independently to avoid superheat at each of the evaporators and thereby achieving an ideal refrigerant mass flow rate 
distribution between the evaporators. It should be noted that depending on the total refrigerant charge and the 
operating condition superheat at the exit of the evaporator might not be avoidable. In that case the secondary control 
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objective is to achieve equal superheat at both evaporators. Also important to notice is that two thermostatic 
expansion valves should not be used in Configuration 3 because those expansion devices usually provide a constant 
superheat at the evaporator exit which would lead to a liquid-empty accumulator and depending on the operation 
condition and total refrigerant charge to very high pressures in the system. 
To illustrate how the above mentioned control strategy can improve the system performance two transient 
experiments were conducted. For both experiments the airflow rate at evaporator one is reduced from 0.1m³/s to 
0.05m³/s for 3 minutes and then increased back to 0.1m³/s. The operating conditions for these tests were identical to 
the I35-35-0.1 HMMWV System #4 operating condition with the exceptions of the change in airflow rates at 
evaporator one and the relative humidity which was set to 17% instead of 40%. Figure 4-14 shows the transient 
refrigerant and air exit temperatures at the evaporators when the expansion valve openings are not changed. Figure 
4-15 shows the same temperatures when the expansion valve openings are controlled. 
 
Figure 4-14: Transient behavior of evaporator exit temperatures – no control  
The vertical bars in Figure 4-14 show the time period in which the airflow rate at Evaporator 1 was reduced 
to 0.05m³/s. The refrigerant exit temperature at Evaporator 1 (Tero1) starts to drop and reaches 5°C around time 
index 100. This is not surprising since due to the reduced airflow rate the air side load at this evaporator is reduced. 
The refrigerant exit temperature at Evaporator 2 (Tero2) however starts to increase. At time index 150 Evaporator 2 
shows around 13°C superheat. A look at the refrigerant inlet density at the compressor reveals why there is 
superheat at Evaporator 2 although there was no change in expansion valve openings. At steady state before the 
airflow rate at Evaporator 1 is reduced the refrigerant inlet density at the compressor is 96kg/m³. At time index 150 
the refrigerant inlet density is reduced to 86kg/m³ due to the lower suction pressure. This results in a reduction of 
refrigerant mass flow rate from 38g/s to 33g/s. Since the refrigerant mass flow rate is almost evenly split between 
the evaporators (Evaporator 1 showed a refrigerant mass flow rate of 17g/s whereas Evaporator 2 showed a 
refrigerant mass flow rate of 16g/s at time index 150), the reduced refrigerant mass flow rate at Evaporator 2 is not 
enough to prevent the dry-out. This affects also the air side exit temperatures (which are the mixed air temperatures 
after each evaporator, not an average thermocouple grid measurement). The air side exit temperature at Evaporator 1 
(Teao1) drops to 10°C whereas the air side exit temperature at Evaporator 2 is 14°C at time index 150. Another 
interesting behavior can be seen when the airflow rate at Evaporator 1 was returned to 0.1m³/s. The refrigerant exit 
Tero2 
Tero1 
Teao2 
Teao1 
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temperature at Evaporator 1 sharply increases due to the suddenly increased air side load. After 25 seconds both 
refrigerant exit temperatures coalesce to the same superheat and it takes 70 seconds more until the superheat 
disappears and the system reaches again a steady state.   
 
Figure 4-15: Transient behavior of evaporator exit temperatures – controlled expansion valves 
Figure 4-15 shows the same experiment as described above but with changes of the expansion valve 
openings. The settings of the expansion valve openings were changed based on the two requirements, namely to 
achieve the optimum high side pressure for, in this case, best COP and to avoid superheat at both evaporators. As it 
can be seen the second objectives was achieved at time index 85, which is 75 seconds after the airflow rate was 
changed. The first objective, reaching a high side pressure of 8.7MPa, was reached after 30 seconds which is not 
shown in Figure 4-15.  The air side exit temperatures drop to around 12°C after one minute but stay within 2°C at all 
times. After the airflow rate is increased at Evaporator 1, the refrigerant exit temperature at Evaporator 1 spikes 
sharply but also decreases rapidly and after 20 seconds there is no significant superheat measured at both 
evaporators. The expansion valve openings were changed by simple step changes which were obtained from steady 
state tests at different airflow rates conducted beforehand. Therefore, by using a more sophisticated control the 
above shown times might be even reduced further. 
Comparing the results shown in Figure 4-14 and Figure 4-15 the performance is improved by controlling 
the expansion valve openings due to the following factors. First, without changing the expansion vale openings the 
refrigerant distribution was almost equal but by changing the expansion valve openings the refrigerant mass flow 
rate was split 21g/s to 11g/s where the latter is the refrigerant mass flow rate at the evaporator with the reduced 
airflow rate. Consequently, due to the better distribution of the refrigerant mass flow rates between the evaporators 
dry-out can be prevented at either evaporator. Second, by changing the expansion valve openings the high side 
pressure could be set to 8.7MPa whereas for the case without changing the expansion valves the high side pressure 
was lower at 8.2MPa.  
4.4 Conclusion 
This chapter explored further issues related to R744 two evaporator systems. Different system 
configurations were explored to investigate where to split and reunite the two refrigerant streams and how this 
affects the system. For certain configurations of R744 two evaporator systems, two stable points were observed. The 
Tero1 
Tero2 
Teao2 
Teao1 
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occurrence of those stable points is related to the pressure drop across each branch. The refrigerant mass flow rates 
have to be disturbed in such a way that that the sum of all individual components and pipe pressure drops in each 
branch balance the total pressure drop. A small disturbance on the air side was enough to induce a transition from 
one stable point to the other. To eliminate this phenomenon all further experiments were conducted using a system 
configuration which split the refrigerant mass flow rates upstream of the expansion devices and reunited them 
downstream the evaporators, and did not exhibit this sort of behavior. 
Several expansion devices combinations were investigated with the focus on fixed area expansion devices 
versus controlled area expansion devices. It was shown that appropriately sized fixed orifice tubes provide the same 
performance as controlled electrical expansion valves at the design operating condition. If the system was operated 
at variable ambient conditions but the airflow rates are fixed, the fixed orifice tubes only showed minor losses in 
performance. However, fixed orifice tubes can be only optimized for one high side pressure, either for highest COP 
or maximum cooling capacity or a specified tradeoff between those two. If the ambient conditions and the airflow 
rates are variable, fixed orifice tubes might not be the preferred choice especially if the airflow rate at one 
evaporator is allowed to be turned off or significantly decreased. In that case frost buildup at the evaporators is 
possible if no other action is taken. Overall, a definite answer of which expansion device should be chosen for an 
R744 two evaporator system strongly depends under what operation conditions the system will be run. Furthermore, 
a cost versus performance analysis is also necessary to determine the appropriate choice of expansion devices. 
The importance of an accumulator in an R744 two evaporator system was demonstrated by conducting 
experiments with a prototype accumulator which allowed controlling the outflow of liquid R744 and oil. Contrary to 
a single R744 evaporator system, the refrigerant outlet qualities in a two evaporator system are not fixed by the 
accumulator inlet/exit quality in steady state. An accumulator in an R744 two evaporator system only guarantees 
that the quality of the mixed stream downstream the evaporators has the same quality as the inlet/exit quality of the 
accumulator. Therefore, to have equal refrigerant exit qualities at each evaporator it is still necessary to adjust the 
refrigerant mass flow rate distribution over the evaporators. 
It was shown how different changes of expansion valve openings affect the system. Based on this 
knowledge combined with what was learned about the accumulator a control strategy was introduced. This control 
strategy is based on two control objectives. The primary objective is to adjust the expansion valves to achieve the 
required high side pressure. The secondary objective is to adjust the expansion valves to avoid superheat or match 
superheats at the evaporators.  
Two transient experiments with reduced airflow rates at one evaporator were analyzed for the cases that the 
expansion valve openings were and were not changed. The comparison between the two cases clearly showed that 
by changing the expansion valve openings based on the above mentioned control objectives improved performance 
and the transition times can be achieved.  
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Chapter 5. Modeling Investigation of R744 Two Evaporator Systems 
Experimental investigations of R744 two evaporator systems can be cost and time intensive. Therefore, it 
would be beneficial to use a model which could predict the system behavior with certain accuracy, so that, perhaps 
preliminary design decisions can be made before the system is investigated in a laboratory. Besides predicting 
cooling capacity and COP, in general, a model should also predict the optimum high side pressure for best COP 
since this is crucial to achieve good performance. Furthermore, the transient behavior needs to be predicted in order 
to be able to investigate control strategy for R744 two evaporator systems. 
The simulation tool used in this document is Dymola and the AirConditioning Library in version 1.4 [8][9]. 
The AirConditioning Library is a commercial Modelica package with focus on simulating automotive air 
conditioning systems. It has an object-oriented architecture with access to the Modelica source code. 
This chapter investigates the suitability of the AirConditioning Library to simulate R744 two evaporator 
systems. Since it was shown that the CO2-Library (the precursor of the AirConditioning Library) showed good 
agreement with measurement data for an R744 single evaporator system [10], the focus of the presented 
investigation is on how well the AirConditioning Library predicts the performance of an R744 two evaporator 
system in steady state and transient events. The results of this investigation will give users of the AirConditioning 
Library an idea of what to expect when using this simulation tool to predict the performance of R744 two evaporator 
systems similar to the one investigated. 
5.1 Comparison between Model and Experimental Data at Steady State 
Before a complete R744 two evaporator cycle model is created in Dymola/Modelica, it is recommended to 
first check the prediction of the heat exchanger models. Therefore, the heat exchangers used in the experiments were 
modeled based on their physical parameters and then used in test benches. The test benches have mass flow sources 
and sinks which provide the refrigerant and air side flow boundary conditions. The simulation time was set to 200 
seconds to ensure that all transients died out.  
For the gas cooler and evaporator custom models were built from the template models provided by the 
AirConditioning Library. For the internal heat exchanger used in the experiments this was not possible since the 
design was not known due to confidentiality. Therefore, a model based on the supported tube-in-tube internal heat 
exchanger was adapted to mimic the internal heat exchanger used in the experiments (Appendix E – Model 
Parameters). Figure 5-1 summarizes the predicted versus the measured capacities for the gas cooler, evaporator and 
internal heat exchanger. 
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Figure 5-1: Predicted versus measured capacity for gas cooler, evaporator, and internal heat exchanger models 
As seen from Figure 5-1 the predicted capacities for all models are within ±10% of the capacities measured 
in the experiments over their typical range of operation. This is an excellent agreement since the measurements have 
an uncertainty of ±5% themselves. Figure 5-1 also shows that the model used for the internal heat exchanger seems 
to mimic the real internal heat exchanger well over a wide range of capacities. This result motivated the use of this 
model in a cycle model. 
A complete cycle model was created using the validated heat exchanger models. In addition, pipes and 
volumes are added which were modeled according to the geometric parameters from the experimental system. The 
cycle model, as shown in Figure 5-2, is based on Configuration 3 (Figure 4-1) using identical evaporators. 
+10 %
-10 % 
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Figure 5-2: R744 two evaporator cycle model 
For the compressor model provided by the AirConditioning Library the volumetric and isentropic 
efficiencies need to be provided. Therefore, an efficiency map was built from the experimental data. For each 
simulation the input parameters were taken from the measured values of the experiments. The specific charge for the 
simulation was set to 275kg/m³ which was identical to the specific charge used for the experiments. The flow 
coefficients of the expansion valve models were set to match the high side pressure of the experiment measured 
downstream of the gas cooler and to provide equal distribution of the refrigerant mass flow rates between the 
evaporators. For the evaporator and the gas cooler the recommended correlation for system level models for 
condensation and evaporation was used for the refrigerant side heat transfer [11]. For the air side heat transfer the 
correlation of Kim and Bullard is used. For all components the refrigerant medium used is “Co2: short Helmholtz 
equation from Span (2000)”. A detailed description of all cycle components and correlations used are listed in 
Appendix E which also contains the results of the experiments. For the steady state results presented in Figure 5-3 
the simulation time used was 300 seconds to assure that all transients were vanished. 
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Figure 5-3: Comparison of model versus experimental results at different high side pressures 
Figure 5-3 shows the comparison between model and experimental results for cooling capacity and COP at 
different high side pressures downstream of the gas cooler. The operating condition used for this comparison is 
identical to the I35-35-0.1 HMMWV R744 System #4 operating condition (see Table 2-1) with the exception of the 
relative humidity which was set to 20%. The error bars shown in Figure 5-3 are set at 10% on the experimental 
results. Although the cooling capacity is under-predicted for high side pressures below 9MPa and over-predicted for 
high side pressures greater than 9MPa, the overall prediction is within 10% over the whole range of high side 
pressures. The model prediction for the COP is also within 10% over the whole range of high side pressures. 
Furthermore, the predicted high side pressure for the maximum COP is only off by 0.5MPa compared to the 
experiment. 
As shown in Section 4.3.1 the accumulator plays an important role in an R744 two evaporator system. The 
accumulator used in the cycle model assumes thermodynamic equilibrium between the two phases and complete 
separation of the vapor and the liquid phase. It was shown that this is not the case for the accumulator used in the 
experiment. To investigate how much this affects the prediction of the refrigerant liquid stored in the accumulator 
Figure 5-4 shows a comparison of the relative liquid level predicted by the model and the relative liquid level 
measured in the experiment. The relative liquid level is the volume fraction between liquid to vapor refrigerant.  
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Figure 5-4: Comparison of the relative liquid level in the accumulator  
As Figure 5-4 shows the prediction of the relative liquid level by the model shows good agreement with the 
experiment. The model also predicts very well at what high side pressure the accumulator does not contain 
refrigerant liquid any more. This prediction is important because if there is no liquid refrigerant left in the 
accumulator both evaporators will start to have superheat at their exits.  
5.2 Comparison between Model and Experimental Data at Transient 
To be able to use a model to explore control strategies it is important that this model captures the most 
relevant transients. From a control perspective the model should be able to simulate the transient behavior within 
20% although more or less accuracy might be required depending on the application. 
There are many transient scenarios which are of importance to R744 two evaporator systems. One of these 
scenarios is changing the airflow rate at the evaporators. In Section 4.3.3 this scenario was experimentally 
investigated to demonstrate that by applying the presented control strategy the system performance can be improved. 
Therefore, the experimental results from this experiment are used as a benchmark for the model. To simulate this 
experiment the expansion valve openings in the model were set to an equal value which matched the high side 
pressure of the experiment at steady state. As in the experiment, there was no change in the expansion valves 
openings in the model during the simulation. For both, the model and the experiment, the airflow rate at evaporator 
one was reduced from 0.1m³/s to 0.05m³/s for 3 minutes and then increased back to 0.1m³/s. The time to change the 
airflow rate was 5 seconds during the experiment. For the model a linear ramp with a duration of 5 seconds for both 
changes in airflow rates was used. The operating condition for the experiment was identical to the I35-35-0.1 
HMMWV R744 System #4 operating condition (Table 2-1) with the exceptions of the relative humidity which was 
set to 17%. The parameters of the model were set accordingly. 
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The model result and comparison to the experimental data is presented in three figures. Figure 5-5 shows 
the comparison of refrigerant exit temperatures at the evaporators. Figure 5-6 presents a comparison of the 
refrigerant mass flow rates. Figure 5-7 illustrates the comparison between low and high pressures. In addition, the 
change in relative liquid level for the model accumulator is shown in Figure 5-7. 
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Figure 5-5: Comparison of the evaporators refrigerant exit temperatures 
As Figure 5-5 shows, before the change in airflow rate is introduced at time index 10, the model shows the 
same refrigerant exit temperatures at the evaporators as the experimental data. After time index 10 the model 
predicts very well the change in temperatures at both evaporators until time index 50. Between time index 50 and 
before the change in airflow rates at time index 190 the predicted temperature at the exit of Evaporator 1 (Tero1) is 
higher by 4°C. The predicted refrigerant exit temperature at Evaporator 2 (Tero2) is higher by 1°C. After time index 
190 the model predicts very well the increase in refrigerant exit temperature at Evaporator 1. For the experiment 
both refrigerant exit temperatures coalesce to the same superheat at time index 215. The model predicts the same 
event at exactly the same time index. The most significant difference between the model prediction and the 
experimental data is the time it takes for the refrigerant exit temperatures at the evaporators to reach the saturation 
temperature, therefore showing no superheat. The time observed in the experiment between changing the airflow 
rate at Evaporator 1 (time index 190) and until there was no superheat at the evaporators was 95 seconds. The time 
frame predicted by the model is 60 seconds. However, the predicted temperatures after the whole transient event are 
identical to the experimental data.  
 55
0
5
10
15
20
25
30
35
40
0 50 100 150 200 250 300
Time [s]
M
as
s 
flo
w
 ra
te
 [g
/s
]
Overall Mass Flow Rate
Overall Mass Flow Rate at Internal HX Inlet High Pressure; Model
Overall Mass Flow Rate at Compressor Inlet; Model
Mass Flow Rate at Evaporator 2
Mass Flow Rate at Evaporator 2; Model
 
Figure 5-6: Comparison of refrigerant mass flow rates 
As shown in Figure 5-6 the model predicts a slightly lower overall mass flow rate before and after the 
transient event but the predicted values never deviate by more than 5%. Important to notice is the difference in mass 
flow rate prediction between the mass flow rate predicted at the internal heat exchanger inlet and at the compressor 
inlet. The mass flow rate at the compressor inlet shows steeper changes than at the internal heat exchanger during 
transient events. Therefore, it is important to compare the mass flow rates for transient events at the same location in 
the system. For the experiment, one mass flow meter was installed upstream the internal heat exchanger hence the 
experimental data should be compared to the mass flow rate predicted at the inlet of the internal heat exchanger. 
Another mass flow meter was installed upstream of expansion valve 2 but downstream the split of the refrigerant 
mass flow rates. The measured and predicted mass flow rates for this location are shown as mass flow rates at 
Evaporator 2 in Figure 5-6.  By comparing the refrigerant mass flow rates the most significant difference with 
respect to the transient behavior is observed after time index 190. As for the refrigerant exit temperatures the model 
reaches a steady mass flow rate value after 60 seconds whereas for the experiments it took 95 seconds. 
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Figure 5-7: Comparison of refrigerant pressures including the accumulator relative liquid level 
The transient behavior of the refrigerant pressures for both, low and high side pressure, are very well 
predicted until time index 190 as shown in Figure 5-7.  After time index 190 the predicted changes in pressure are 
steeper than observed in the experiment. This fits with what was described previously regarding the refrigerant exit 
temperatures at the evaporators and the refrigerant mass flow rates. Figure 5-7 also shows the relative liquid level in 
the accumulator predicted by the model. Unfortunately, the same plot can not be accurately given for the 
accumulator used in the experiment. Although it is possible to determine the relative liquid level in the accumulator 
at steady state by averaging the apparent liquid level over several minutes, this is not possible for transient events 
due to the turbulent nature of the flow inside the accumulator. Furthermore, the model predicts a change of around 
5% in relative liquid level which is the uncertainty regarding measuring the apparent liquid level in the accumulator 
used for the experiment.  
For all figures, when the airflow rate is reduced at Evaporator 1, the first transient event is predicted very 
well. However, for the second transient event the model predicts a shorter time to reach a steady state condition. A 
possible explanation for the difference in transient behavior after time index 190 between experimental data and 
model prediction can be derived from comparing Figure 5-5, Figure 5-6, and Figure 5-7 and by keeping in mind that 
the accumulator used in the experiment had a metering valve at the liquid exit. Examining the graph of the 
prediction of the change of relative liquid level in the accumulator in Figure 5-7, it can be seen that when the airflow 
rate at Evaporator 1 is reduced, the liquid refrigerant inside the accumulator is rising. Basically mass is shifted from 
the rest of the system into the accumulator. The opposite happens when the airflow rate is increased. In this case, 
mass is shifted from the accumulator into the system. Therefore, the model predicts the time frame of shifting 
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refrigerant mass into the accumulator well whereas there is an offset regarding predicting the time frame for 
emptying the accumulator. 
5.3 Conclusion 
In summary, it was shown that by setting up an R744 two evaporator cycle model using the AirConditiong 
Library version 1.4 the predicted performance at steady state was within 10% of the experimental results. This is an 
excellent agreement since only the recommended correlations have been used without any correction factors. By 
using correction factors the agreement might be even further increased. However, those correction factors might not 
be known during the design phase of an R744 two evaporator system but based on the results presented there is a 
good indication that the AirConditioning Library can provide reasonable results which can assist in designing an 
R744 two evaporator system. 
For the investigated transient scenario the model prediction showed some discrepancy but the overall trends 
are well predicted. The major difference was found in predicting the time required to reach a steady state after 
increasing the airflow rate at one evaporator. For the experiment the time measured was 95 seconds whereas the 
model reached a steady state after 60 seconds. Therefore, the model does not predict shifting mass from the 
accumulator into system as well as it predicts shifting mass into the accumulator. In conclusion, the overall 
prediction of the transient behavior of an R744 two evaporator system is sufficient so that the AirConditioning 
Library can be judged as suitable to explore first control strategies. However, fine tuning on the real system might 
still be necessary.  
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Table A-1: Instrumentation used for Air side and refrigerant side measurements 
 
  
Air Side 
Mea§urentent Imtrmuent Brand R~ • Accura De§cri tionILocation 
Temperature Type-T Welded Omega -200 to 350°C 1°C or 0.75% Inlet and exit air temps for nozzles, Thennocouple above O°C evaporators, and I(as cooler/condenser 
Model 264 
Differ ential Differ ential 
s . 1m o to 254Pa Pressure drop across gas Pressure Drop Pressure ±0.25%F.S. cooler/condenser 
Transducer 
Model 264 Pressure drops across evaporators, Differ ential Differ ential 
Pressure Drop Pressure S. 1m o to 762Pa ±0.25%F.S. nozzles in indoor / outdoor wind 
Transducer tunnels 
Dew Point Hygro M4 Dew General Eastern _40°C to 60°C Dew point temperature upstream and Temperature Point Sensor ±O.l°C downstream of the evaporators 
Refri erant Side 
Type-T 1°C or 0.75% 
Temperature Thennocouple Omega -200 to 350°C 
above O°C All R134aiR744 temperatures 
Inunersion Probe 
TJE/4256-06TJA Used for high pressure R744 Pressure Pressure Sensotec o to 20.7MPa ±0.25%F.S. 
Transducer measurements 
TJE/3883-12TJA Used for R134a pressures 
measurements and for low side Pressure Pressure Sensotec o to 1O.OMPa ±O.lO%F.S. pressures measurements ofR744 Transducer 
systems 
HL-ZI9779-07-0l 
Differ ential Differ ential Sensotec o to 345kPa ±0.25%F.S. Pressure drops across gas Pressure Drop Pressure cooler/condenser and evaporators 
Transducer 
Elite CMFD50 ±0.1O% ±(0.0015/ Refrig erant mass flow rate measured Mass Flow Rate Mass Flow Meter Micro Motion o to 1.89kgls 
. ~~:)~ate downstream gas cooler/condenser s% 
Elite CMFD25 ±0.1O% ±(0.0015/ Refrig erant mass flow rate measured at Mass Flow Rate Mass Flow Meter Micro Motion o to 0.61kgls Flow Rate expansion valve inlet upstream (k.,))% evaporator one 
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Table A-2: Instrumentation used for chamber measurements 
 
     
Chamber§ 
M ea§urentent Imtrmuent Brand Range Accuracy De§criptionILocation 
Temperature Type-T Welded Omega -200 to 350°C 1°C or 0.75% Inside and outside chamber surface Thennocouple above O°C temperatures 
Type-T 1°C or 0.75% Temperature R404A ceiling evaporator 
Temperature Thennocouple Omega -200 to 350°C 
above O°C outlet and tbennostatic expansion valve 
Inunersion Probe inlet 
Pressure C280E Pressure Setra o to 3.5MPa ±0.20%F.S. Pressure R404A ceiling evaporator Transmitter outlet 
GW53PH-4W Switched indoor / outdoor heaters, Power Watt Transducer Ohio Semitronics o to 12kW ±0.2% of reading single phase devic es operated inside 
chambers 
Power GW53PH-3W Ohio Semitronics o to 8kW ±0.2% of reading Switched outdoor blower Watt Transducer 
Power PC53PH-3W Ohio Semitronics o to 8kW Controlled indoor / outdoor blowers Watt Transducer ±0.5%F.S and heaters 
Elite CMFD25 ±0.1O% ±(0.0015/ R404A mass flow into ceiling Mass Flow Rate :Micro Motion o to 0.61kgls Flow Rate Mass Flow Meter I (kw'))% evaporator 
LCAA-5 Weight of condensate fonnation rate Condensate weight Strain Gauge Omega o to 2.5kg ±O.lO%F.S. exiting evaporator (one for each 
evaporator) 
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Appendix B – Data Reduction 
All data was recorded with a Hewlett-Packard data acquisition system HP75000 and HPVEE data 
acquisition software. Data was monitored via graphic windows and scanned every 6 seconds into a spreadsheet. 
After reaching steady state, data was averaged over a period of ten minutes. Using the averaged data, 
thermodynamic and performance calculations were performed using EES software. Two example templates are 
presented in this section. The first is the template used for all experiments conducted with the HMMWV R134a 
System #1 and the second is the template used for the HMMWV R744 System #4. The time averaged values from 
the Excel spreadsheet were copied into the templates under “Excel Data”. The EES code used for the other systems 
mentioned in the text only have minor variations to the ones presented in this section.  
 
{EES template used for HMMWV R134a System #1} 
 
 
{ 
Procedure AirFlowRate ----------------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates airflow rates and velocities through the nozzles. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
CDguess  nozzle discharge coefficient guess 
D   nozzle throat diameter, [m] 
Tn   nozzle temperature, [C] 
Pn   nozzle entrance pressure, [kPa] 
DPn   pressure drop across nozzle, [Pa] 
Wn   humidity ratio at nozzle 
 
Outputs: 
Ma_wet   wet air mass flow rate, [kg/s] 
Ma_dry   dry air mass flow rate, [kg/s] 
Q_m3   volumetric flow rate, [m^3/s] 
Q_scfm   volumetric flow rate, [scfm] 
Vel   air velocity through nozzle, [m/s] 
Vn   specific volume of air at nozzle, [m^3/kg] 
Re   Reynolds Number at nozzle 
CDnew   discharge coefficient corresponding to Reynolds Number 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure AirFlowRate (Nozzle$, CDguess, D, Tn, Pn, DPn, Wn : Ma_wet, Ma_dry, Q_m3, Q_scfm, Vel, 
Vn, Re, CDold) 
 $Common ENN 
 An = pi * D^2/4          
 {nozzle throat area [m^2]} 
 Vn = VOLUME(AirH2O,T=Tn,P=Pn,w=Wn)                                
 CDnew = CDguess     
 repeat            
 {iterate to find proper discharge coefficient} 
  CDold = CDnew 
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  Q_m3 = CDold * An * (2 * DPn * Vn)^0.5 
  Q_scfm = Q_m3/(1.2 * Vn) * convert(m^3/s, ft^3/min) 
  Vel = Q_m3/An          
 Ma_wet = Q_m3/Vn         
 {treat as incompressible AirH2O flow} 
  Ma_dry = Ma_wet/(1+Wn)        
  rho = DENSITY(AirH2O, T = Tn, P = Pn, w=Wn)  
  {air density at nozzle, [kg/m^3]} 
  mu = VISCOSITY(AirH2O, T = Tn, P=Pn, w=Wn) 
  {air viscosity at nozzle, [kg/m-sec]} 
  Re = rho * Vel * D/mu 
  CDnew = .9986 - 7.006/Re^.5 + 134.6/Re    
 {discharge coefficient correlation} 
 until (abs(CDold - CDnew) < .001) 
 
 IF (Nozzle$ = 'e1') AND (ENN < 1.5) THEN 
  Ma_wet = 0 
  Ma_dry = 0 
  Q_m3 = 0 
  Q_scfm = 0 
  Vel = 0 
  Vn = 0 
  Re = 0 
  CD = 0 
 ENDIF 
END 
 
 
{ 
Procedure ChillerCapacity ------------------------------------------------------------------------------------ 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates R404a chiller capacity. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: OutdoorChamberBalance 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
M404   R404a mass flow rate, [g/s] 
T404i   R404a orifice inlet temperature, [C] 
T404o   R404a evaporator outlet temperature, [C] 
P404   R404a evaporator outlet pressure, upstream back pressure regulator [kPa] 
 
Outputs: 
Q_R404a  R404 chiller capacity, [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure ChillerCapacity (M404, T404i, T404o, P404 : Q_R404a) 
   
 P404condout=1500    
 h_404o=ENTHALPY(R404a, P=P404, T=T404o) 
 h_404i=ENTHALPY(R404A,T=T404i,P=P404condout) 
 Q_R404a = M404/1000 * (h_404o - h_404i) {assume expansion to be isenthalpic}  
 
End 
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{ 
Procedure SteamCapacity ------------------------------------------------------------------------------------ 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates steam capacity. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: IndoorChamberBalance 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mw_kgps  water condensate mass flow rate [kg/s] 
Patm   atmospheric pressure [kPa] 
Ts   steam inlet temperature  [C] 
Tw   water condensate outlet temperature [C] 
 
Outputs: 
Q_steam  steam capacity  [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
Procedure SteamCapacity (Mw_kgps, Patm, Ts, Tw : Q_steam) 
  hs = ENTHALPY(Steam_NBS, T = Ts, x=1)  
  {superheated steam inlet enthalpy [kJ/kg]} 
 IF (Ts>100) THEN 
  hs = ENTHALPY(Steam_NBS, T = Ts, P=Patm) 
 ENDIF  
 hw = ENTHALPY(Steam_NBS, T = Tw, P = Patm)   
 {condensate exit enthalpy [kJ/kg]} 
 Q_steam=Mw_kgps * (hs -  hw) {=0 for dry conditions only} 
End 
 
{ 
Procedure ChamberLosses ----------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the transmission losses through the corresponding chamber 
walls. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
chamber number telling which chamber equation to use: 1->outdoor, 2->indoor 
Ti  temperature inside chamber  [C]  
To  temperature outside chamber [C] 
  Only 1 averaged temperature difference is taken for each chamber. 
  Each chamber has only one total UA-value. 
 
Outputs: 
Q_trans transmission losses to chamber walls, [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
 
{Procedure OutdoorChamberBalance ---------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the heat exchanger heat transfer rate using chamber 
calorimetry for the outdoor chamber. 
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-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
M404   R404a mass flow rate, [g/s] 
T404i   R404a orifice inlet temperature, [C] 
T404o   R404a evaporator outlet temperature, [C] 
P404   R404a evaporator outlet pressure, upstream back pressure regulator [kPa] 
Ti   chamber temperature inside [C] 
To   chamber temperature outside [C] 
W1   chamber electrical power 1  [W] 
W2   chamber electrical power 2  [W] 
 
Outputs: 
Q_hx   outdoor heat exchanger heat transfer  [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure OutdoorChamberBalance (M404, T404i, T404o, P404, W1, W2, Q_trans_outdoor : 
Q_hx_outdoor, Q_R404a) 
 
 Call ChillerCapacity (M404, T404i, T404o, P404 : Q_R404a) 
 
 Q_hx_outdoor = Q_R404a + Q_trans_outdoor - (W1 + W2)/1000  
 
End 
 
{ 
Procedure IndoorChamberBalance ------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the heat exchanger heat transfer rate using chamber 
calorimetry for the indoor chamber. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mw_kgps  water condensate mass flow rate [kg/s] 
P_atm   atmospheric pressure [kPa] 
Ts   steam inlet temperature [C] 
Tw   water condensate exit temperature [C] 
Ti   chamber temperature inside [C] 
To   chamber temperature outside [C] 
 
W1   chamber electrical power 1  [W] 
W2   chamber electrical power 2  [W] 
 
Outputs: 
Q_hx   heat exchanger heat transfer, [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure IndoorChamberBalance (M404e, T404ei, T404eo, P404e, Mw_kgps, Patm, Ts, Tw, W1, W2, 
Q_trans_indoor : Q_hx_indoor, Q_steam, Q_R404ae) 
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               Call ChillerCapacity (M404e, T404ei, T404eo, P404e : Q_R404ae) 
  
 Call SteamCapacity (Mw_kgps, Patm, Ts, Tw : Q_steam) 
 
 Q_hx_indoor = Q_steam+ (W1+W2)/1000 - Q_trans_indoor - Q_R404ae 
 
End 
 
{ 
Procedure Efficiency -------------------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the various compressor efficiencies. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mr    refrigerant mass flow rate in compressor [g/s] 
Tri    refrigerant inlet temperature [C] 
Pri    refrigerant inlet pressure [C] 
Tro    refrigerant outlet temperature [C] 
Pro    refrigerant outlet pressure [C] 
W_comp   compressor work [kW] 
Vc    compressor speed [hz] 
V_disp    compressor suction volume [cc] 
 
Outputs: 
h_in    inlet refrigerant enthalpy [kJ/kg] 
h_out    outlet refrigerant enthalpy [kJ/kg] 
eta_c    compression efficiency [-] 
eta_v    volumetric efficiency -] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure Efficiency (Mr, Trcpi, Prcpi, Trcpo, Prcpo, W_comp, Vc, V_disp : h_in, h_out, eta_isen, 
eta_mech, eta_comp, eta_v) 
  
 h_in = ENTHALPY(R134a, T = Trcpi, P = Prcpi) 
 s_in = ENTROPY(R134a, T = Trcpi, P = Prcpi)  
 {inlet refrigerant entropy [kJ/kg-K]} 
 h_out_isen = ENTHALPY(R134a, P = Prcpo, s = s_in)    
 {isentropic outlet refrigerant enthalpy [kJ/kg]} 
 h_out = ENTHALPY(R134a, T = Trcpo, P = Prcpo)                                
 {outlet refrigerant entropy [kJ/kg-K]} 
 eta_isen = (Mr/1000) * (h_out_isen - h_in)/W_comp                  {Isentropic efficiency} 
         eta_mech= (Mr/1000) * (h_out - h_in)/W_comp                            {Mechanical efficiency} 
         eta_comp= (h_out_isen - h_in)/(h_out - h_in)       {Compression (or indicated) efficiency} 
  
 v_in = VOLUME(R134a, T = Trcpi, P = Prcpi)      
 {inlet refrigerant specific volume [m^3/kg]} 
 Vdot_c = Mr * v_in         
 {refrigerant displacement rate [L/s]} 
 eta_v = (Vdot_c/1000)/(V_disp/1e6 * Vc/60)                                 {Volumetric Efficiency} 
End 
 
{ 
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    Begin Main Program Section 
*************************************************************************************************************** 
} 
 
Patm=101.3 
V_disp =166     {compressor suction volume [ccm]} 
Xoil=0.02                                         {oil circulation rate}               
 
{------------------------------------------Outdoor Chamber Calculations -------------------------------------------- 
} 
 
 
{Outdoor duct transmission losses} 
A_out=((48*43.5*2)+(48*37.5*2)+(12*43.5*2)+(12*22.5*2)+(14*43.5*2)+(14*22.5*2))*Convert(inch^2,m^2) 
    {oudoor duct wall area Betw. hx and nozzles} 
Thick_out=0.75*Convert(inch,m) {wall thickness} 
h_out_o=10    {h coefficients are estimates} 
k_out=0.10    {k from tabulated value, pine wood} 
h_out_i=15 
Q_leak_outdoor=UA_out*DELTAT_out_wall/1000   {transmission loss [kW]} 
1/UA_out=1/(h_out_o*A_out)+Thick_out/(k_out*A_out)+1/(h_out_i*A_out)    
DELTAT_out_wall=(Tcao+Tcn)/2-Tcai    {temp. driving potential across wall} 
 
{Outdoor chamber transmission losses} 
Q_trans_outdoor = (15.947* (Tci - Tco)-5.0892)/1000 
 
{Chamber Humidity} 
Rhci =RELHUM(AirH2O,T=Tcai,P=Patm,w=Wci)              {relative humidity at inlet } 
Wci = HumRat(AIRH2O, P = 99, T = 24, R=0.4)                           {estimated Rh=40%} 
 
{_____________________________________________________________________________} 
 
{Airflow Rate Parameters} 
Pcn = Patm - DPca/1000 - DPcn/1000   {air pressure at nozzle exit [kPa]} 
CDc = 0.99      {discharge coefficient guess value} 
D_c1=0.1778         {nozzle 1 diameter [m]} 
D_c2 = 0.127        {nozzle 2 diameter [m]}    
 
{Airflow Rate Through Nozzles} 
Call AirFlowRate('c1', CDc, D_c1, Tcn, Pcn, DPcn, Wci : ma_wet_c1, ma_dry_c1, AFR_m3_c1, 
AFR_scfm_c1, Vel_c1, Vn_c1, Re_c1, CDc1) 
Call AirFlowRate('c2', CDc, D_c2, Tcn, Pcn, DPcn, Wci : ma_wet_c2, ma_dry_c2, AFR_m3_c2, 
AFR_scfm_c2, Vel_c2, Vn_c2, Re_c2, CDc2) 
 
{Total Airflow Rates} 
Ma_outdoor_dry = ma_dry_c1+ ma_dry_c2  {dry air mass flow rate [kg(dry air)/s]}                                              
Ma_outdoor_wet = ma_wet_c1 + ma_wet_c2  {wet air mass flow rate [kg/s]} 
AFR_m3_outdoor = AFR_m3_c1 + AFR_m3_c2  {wet volumetric airflow rate [m^3/s]} 
AFR_scfm_outdoor = AFR_scfm_c1 + AFR_scfm_c2 {wet volumetric airflow rate [scfm]} 
 
{_____________________________________________________________________________} 
 
{Air-Side Energy Balance} 
hcai = ENTHALPY(AirH2O, T = Tcai, P = Patm, R = Rhci) {moist inlet air enthalpy [kJ/kg]} 
hcan = ENTHALPY(AirH2O, T = Tcn, P = Pcn, w = Wci)  
{moist nozzle air enthalpy [kJ/kg]} 
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Qoutdoor_air = Ma_outdoor_dry* (hcan - hcai)+Q_leak_outdoor          
 
{Refrigerant-Side Energy Balance} 
Pcri = Pcro + DPcr               {inlet pressure (absolute) [kPa]} 
hcri = ENTHALPY(R134a, T = Tcri, P = Pcri)  {refrigerant inlet enthalpy [kJ/kg]} 
hcro = ENTHALPY(R134a, T = Tcro, P = Pcro)  {refrigerant exit enthalpy [kJ/kg]} 
Qoutdoor_ref = Mr*(1-Xoil) * (hcri - hcro)/1000+Mr*Xoil/1000*(2.0499*(Tcri-Tcro)+2.261e-3/2*(Tcri^2-
Tcro^2))                {[kW]}               
 
{Chamber Energy Balance} 
Call OutdoorChamberBalance (M404, T404i, T404o, P404, Wc1, Wc2, Q_trans_outdoor: 
Qoutdoor_chamber, Q_R404a) 
 
{Error Calculations} 
ErrOutdoor_ref_air = (Qoutdoor_ref- Qoutdoor_air)/Qoutdoor_ref * 100 
ErrOutdoor_ch_air = (Qoutdoor_chamber - Qoutdoor_air)/Qoutdoor_chamber * 100 
ErrOutoor_ch_ref = (Qoutdoor_chamber- Qoutdoor_ref)/Qoutdoor_chamber * 100 
 
{Indoor Chamber Calculations} 
 
Q_leak_indoor1= UA_in1*DELTAT_in_wall1/1000 
UA_in1=11        
{based on experiment for 200 cfm, same used for both Evap wind tunnels} 
DELTAT_in_wall1=abs(Teao1-Teai1) 
Q_leak_indoor2= UA_in2*DELTAT_in_wall2/1000 
UA_in2=11 
{based on experiment for 200 cfm, same used for both Evap wind tunnels} 
DELTAT_in_wall2=abs(Teao2-Teai2)  
 
 
{Indoor transmission losses} 
Q_trans_indoor = (15.483* (Tei - Teo)+3.6168)/1000  
 
{Chamber Humidity} 
Rhei1 = RELHUM(AirH2O, T = Teai1, P = Patm, D = Tdpei) {inlet relative humidity}  
Wei1 = HUMRAT(AirH2O, T = Teai1, P = Patm, D = Tdpei) {inlet humidity ratio} 
Rhen1 = RELHUM(AirH2O, T = Ten1, P = Pen1, D = Tdpen1) {relative humidity after nozzle} 
Wen1 = HUMRAT(AirH2O, T = Ten1, P = Pen1, D = Tdpen1) {humidity ratio after nozzle} 
Rhei2 = RELHUM(AirH2O, T = Teai1, P = Patm, D = Tdpei) {inlet relative humidity}  
Wei2 = HUMRAT(AirH2O, T = Teai1, P = Patm, D = Tdpei) {inlet humidity ratio} 
Rhen2 = RELHUM(AirH2O, T = Ten2, P = Pen2, D = Tdpen2) {relative humidity after nozzle} 
Wen2 = HUMRAT(AirH2O, T = Ten2, P = Pen2, D = Tdpen2) {humidity ratio after nozzle} 
 
Pen1 = Patm - DPea1/1000 - DPen1/1000-0.230    
Pen2 = Patm - DPea2/1000 - DPen2/1000-0.230    
CDe = 0.975      {discharge coefficient guess value} 
 
{Top Evaporator (evap1)} 
D_1e1 = 0.0635       {nozzle 1 diameter [m]} 
D_1e2 = 0.0635       {nozzle 2 diameter [m]}  
  
{Airflow Rates Through Nozzles} 
Call AirFlowRate('e1', CDe, D_1e1, Ten1, Pen1, DPen1, Wen1 : ma_wet_1e1, ma_dry_1e1, 
AFR_m3_1e1, AFR_scfm_1e1, Vel_1e1, Vn_1e1, Re_1e1, CD1e1) 
Call AirFlowRate('e2', CDe, D_1e2, Ten1, Pen1, DPen1, Wen1 : ma_wet_1e2, ma_dry_1e2, 
AFR_m3_1e2, AFR_scfm_1e2, Vel_1e2, Vn_1e2, Re_1e2, CD1e2) 
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{Total Airflow Rates} 
Ma_indoor1_dry = ma_dry_1e1 + ma_dry_1e2  {total dry air mass flow rate [kg/s]} 
Ma_indoor1_wet = ma_wet_1e1 + ma_wet_1e2  {total wet air mass flow rate [kg/s]} 
AFR_m3_indoor1 = AFR_m3_1e1 + AFR_m3_1e2  {total volumetric airflow rate [m^3/s]} 
AFR_scfm_indoor1 =AFR_scfm_1e1 + AFR_scfm_1e2  {total volumetric airflow rate [scfm]} 
 
{Total Air-Side Heat Transfer} 
heai1 = ENTHALPY(AirH2O, T = Teai1, P = Patm, R = Rhei1)   
{moist inlet air enthalpy [kJ/kg]} 
Heao1 = ENTHALPY(AirH2O, T = Teao1, P = (Patm-DPea1), w = wen1)   
{moist nozzle air enthalpy [kJ/kg]} 
QIndoor1_air = Ma_indoor1_dry * (heai1 - Heao1)+Q_leak_indoor1    
{heat leak through the duct  is added to the air side energy balance} 
 
 
{Sensible Air-Side Heat Transfer} 
heai1_dry = ENTHALPY(Air, T= Teai1)   {dry inlet air enthalpy [kJ/kg]} 
heao1_dry = ENTHALPY(Air, T = Teao1)  {dry nozzle air enthalpy [kJ/kg]} 
hvin1 = ENTHALPY(Steam_NBS, T =Teai1, x = 1) {water vapor inlet enthalpy [kJ/kg} 
hvout1 = ENTHALPY(Steam_NBS, T = Teao1, x = 1) {water vapor nozzle enthalpy [kJ/kg]} 
Qindoor1_sensible_psych = Ma_indoor1_dry * (heai1_dry - heao1_dry) + (Ma_indoor1_wet - 
Ma_indoor1_dry) * (hvin1 - hvout1)+Q_leak_indoor1 
Qindoor1_sensible_cond = Qindoor1_air - Qindoor1_latent_cond 
 
{Latent Air-Side Heat Transfer} 
 
h_fg = ENTHALPY(Steam_NBS, T = Tdpei, x = 1) - ENTHALPY(Steam_NBS, T = Tdpei, x = 0) 
{heat of vaporization [kJ/kg]} 
Mw_kgps=Mw1_kgps+Mw2_kgps 
Mw_gps = Mw_kgps * 1000 
 
Mw1_kgps = Dslope1     {condensation rate [kg/s]} 
Mw1_gps = Mw1_kgps * 1000    {condensation rate [g/s]} 
Qindoor1_latent_cond = Mw1_kgps * h_fg 
Qindoor1_latent_psych = Qindoor1_air - Qindoor1_sensible_psych 
 
{Second Evaporator Air-side (bottom evaporator)} 
D_2e1 = 0.0635       {nozzle 1 diameter [m]} 
 
{Airflow Rates Through Nozzles} 
Call AirFlowRate('e1', CDe, D_2e1, Ten2, Pen2, DPen2, Wen2 : ma_indoor2_wet, ma_indoor2_dry, 
AFR_m3_indoor2, AFR_scfm_indoor2, Vel_2e1, Vn_2e1, Re_2e1, CD2e1) 
 
{Total Air-Side Heat Transfer} 
heai2 = ENTHALPY(AirH2O, T = Teai2, P = Patm, R = Rhei2)   
{moist inlet air enthalpy [kJ/kg]} 
heao2 = ENTHALPY(AirH2O, T = Teao2, P = (Patm-DPea2), w = wen2)   
{moist nozzle air enthalpy [kJ/kg]} 
QIndoor2_air = Ma_indoor2_dry * (heai2 - heao2)+Q_leak_indoor2    
{heat leak through the duct  is added to the air side energy balance} 
 
 
{Sensible Air-Side Heat Transfer} 
heai2_dry = ENTHALPY(Air, T= Teai2)   {dry inlet air enthalpy [kJ/kg]} 
heao2_dry = ENTHALPY(Air, T = Teao2)  {dry nozzle air enthalpy [kJ/kg]} 
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hvin2 = ENTHALPY(Steam_NBS, T =Teai2, x = 1) {water vapor inlet enthalpy [kJ/kg} 
hvout2 = ENTHALPY(Steam_NBS, T = Teao2, x = 1) {water vapor nozzle enthalpy [kJ/kg]} 
Qindoor2_sensible_psych = Ma_indoor2_dry * (heai2_dry - heao2_dry) + (Ma_indoor2_wet - 
Ma_indoor2_dry) * (hvin2 - hvout2)+Q_leak_indoor2 
Qindoor2_sensible_cond = Qindoor2_air - Qindoor2_latent_cond 
 
{Latent Air-Side Heat Transfer} 
Mw2_kgps = Dslope2     {condensation rate [kg/s]} 
Mw2_gps = Mw2_kgps * 1000    {condensation rate [g/s]} 
Qindoor2_latent_cond = Mw2_kgps * h_fg 
Qindoor2_latent_psych = Qindoor2_air - Qindoor2_sensible_psych 
Qindoor_air=Qindoor1_air+Qindoor2_air 
 
{Refrigerant-Side Energy Balance} 
{Pero, DPer, Tero are measured parameters} 
 
Peri1 = Pero1        {inlet pressure (absolute) [kPa]} 
Teri_sat1=TEMPERATURE(R134a, P = Peri1, x = 0.5)                {2 phase inlet, sat. temp. [C]} 
Tero_sat1=TEMPERATURE(R134a, P = Pero1, x = 0.5)  {2-phase outlet sat. temp. [C]} 
heri1 = ENTHALPY(R134a, T = Txri1, P = Pxri1)    
{refrigerant inlet enthalpy [kJ/kg], assuming exp. is isenthalpic} 
hero1=Enthalpy(R134a, t=tero1, p=pero1) 
Qindoor1_ref = Mr1*(1-Xoil) * (hero1 - heri1)/1000+Mr1*Xoil/1000*(2.0499*(Tero1-Teri_sat1)+2.261e-
3/2*(Tero1^2-Teri_sat1^2))   {[kW]}    
 
{Refrigerant Qualities}                                                                
h_liq_in1 = ENTHALPY(R134a, T = Teri_sat1, x = 0) {saturated liquid enthalpy [kJ/kg]} 
h_vap_in1 = ENTHALPY(R134a, T = Teri_sat1, x = 1) {saturated vapor enthalpy [kJ/kg]} 
x_in1 = (heri1 - h_liq_in1)/(h_vap_in1 - h_liq_in1) {inlet quality [-]} 
DT_sup_evap1=Tero1-Tero_sat1 
 
{2nd Evap refrigerant side} 
Peri2 = Pero2       {inlet pressure (absolute) [kPa]} 
Teri_sat2=TEMPERATURE(R134a, P = Peri2, x = 0.5)    {2 phase inlet, sat. temp. [C]} 
Tero_sat2=TEMPERATURE(R134a, P = Pero2, x = 0.5) {2-phase outlet sat. temp. [C]} 
heri2 = ENTHALPY(R134a, T = Txri2, P = Pxri2)   
{refrigerant inlet enthalpy [kJ/kg], assuming exp. is isenthalpic} 
hero2=Enthalpy(R134a, t=tero2, p=pero2) 
Qindoor2_ref = Mr2*(1-Xoil) * (hero2 - heri2)/1000+Mr2*Xoil/1000*(2.0499*(Tero2-Teri_sat2)+2.261e-
3/2*(Tero2^2-Teri_sat2^2))  {[kW]}    
 
{Refrigerant Qualities}                                                                
h_liq_in2 = ENTHALPY(R134a, T = Teri_sat2, x = 0) {saturated liquid enthalpy [kJ/kg]} 
h_vap_in2 = ENTHALPY(R134a, T = Teri_sat2, x = 1) {saturated vapor enthalpy [kJ/kg]} 
x_in2 = (heri2 - h_liq_in2)/(h_vap_in2 - h_liq_in2) {inlet quality [-]} 
DT_sup_evap2=Tero2-Tero_sat2 
Qindoor_ref=Qindoor1_ref+Qindoor2_ref 
 
{Chamber Energy Balance} 
Call IndoorChamberBalance (M404e, T404ei, T404eo, P404e, Mw_kgps, Patm, Ts, Tw, We1, We2, 
Q_trans_indoor : Qindoor_chamber, Q_steam, Q_R404ae) 
 
{Error Calculations} 
ErrIndoor_ch_air = ( Qindoor_chamber - Qindoor_air)/Qindoor_chamber * 100 
ErrIndoor_ch_ref = (Qindoor_chamber - Qindoor_ref)/Qindoor_chamber * 100 
ErrIndoor_ref_air = (Qindoor_ref -Qindoor_air)/Qindoor_ref * 100 
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ErrIndoor1_ref_air = (Qindoor1_ref -Qindoor1_air)/Qindoor1_ref * 100 
ErrIndoor2_ref_air = (Qindoor2_ref -Qindoor2_air)/Qindoor2_ref * 100 
 
{Compressor Calculations} 
 
P_ratio = Prcpo/Prcpi 
hrcpi = ENTHALPY(R134a, P = Prcpi, T = Trcpi)  
hrcpo = ENTHALPY(R134a, P = Prcpo, T = Trcpo)   
Wcp_ref=Mr*(hrcpo-hrcpi) 
W_comp = (Fc ) * (Vc * convert(rev/min, rad/s))/1000 
 
{Efficiency Calculations} 
Call Efficiency (Mr, Trcpi, Prcpi, Trcpo, Prcpo, W_comp, Vc, V_disp : h_in, h_out, eta_isen, eta_mech, 
eta_comp, eta_v) 
  
{Compressor inlet superheat} 
DT_sup_comp_in=Trcpi-TEMPERATURE(R134a,P=Prcpi,x=0.5)                          
 
{System Performance} 
 
COP_indoor_ref = Qindoor_ref/W_comp 
COP_indoor_chamber = Qindoor_chamber/W_comp 
COP_indoor_air = Qindoor_air/W_comp 
 
COP_outdoor_air = Qoutdoor_air/W_comp 
COP_outdoor_ref = Qoutdoor_ref/W_comp 
COP_outdoor_chamber = Qoutdoor_chamber/W_comp 
 
{System Data} 
 
DT_subcool=TEMPERATURE(R134a,P=Pcro,x=0.5)-Tcro 
Tcri=Trcpo    
Prcpo=pcri    
Mr=Mr1+Mr2 
Pxri2=Pcro-DPer2 
Pxri1=Pcro-DPer 
M404e=0 
P404e=500 
 
{Excel Data} 
DPea1=118.3162154 
DPen1=298.3779994 
DPca=127.1957645 
DPcn=467.96459 
Wc1=4888.155471 
Wc2=467.2870885 
Mr=76.1099137 
M404=106.1341457 
Den404=1.060911463 
Pero1=339.8058756 
Prcpo=1877.184613 
Vc=3400 
Fc=13.90579936 
Tdpei=21.62294828 
Tdpen1=19.25831224 
Pcro=1665.163321 
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DPea2=85.9245572 
DPen2=191.4615321 
We1=1991.939584 
We2=5191.487818 
G2=0.323069403 
DPer=100.3926282 
Wcp=5999.688857 
Prcpi=304.9385456 
Mr1=37.38082186 
P404=600.6441496 
Pero2=378.4774041 
G1=2.812890476 
count=0 
Dslope1=0.000404166 
Dslope2=0.000357888 
Dper2=83.85229508 
Tdpen2=19.5595788 
Tci=44.04355604 
Tco=23.19848723 
Tei=41.15971376 
Teo=23.39395634 
T404i=14.07665564 
T404o=25.09799089 
Null306=45.88985168 
Tcai=43.54186871 
Tcn=54.27038772 
T404ei=30.77130842 
T404eo=34.47961703 
Tcro=51.0236002 
Trcpo=87.40018545 
Trcpi=9.214141446 
Tero2=12.17829683 
Teai1=42.92234604 
Ten1=25.22184228 
Ts=99.51421772 
Tw=24.6097 
Txri2=50.47791535 
Teaog1=21.76816802 
Teaog2=21.24505337 
Teao2=22.49039634 
Tero1=10.33026661 
Txri1=50.63510208 
Ten2=25.09270812 
Teai2=42.9440201 
Teao1=23.63704911 
Tcao=55.62035059 
ENN=2 
outdoor=1 
indoor=0 
 
 
 
{EES template used for HMMWV R744 System #4} 
 
 
{ 
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Procedure AirFlowRate ----------------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates airflow rates and velocities through the nozzles. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
CDguess  nozzle discharge coefficient guess 
D   nozzle throat diameter, [m] 
Tn   nozzle temperature, [C] 
Pn   nozzle entrance pressure, [kPa] 
DPn   pressure drop across nozzle, [Pa] 
Wn   humidity ratio at nozzle 
 
Outputs: 
Ma_wet   wet air mass flow rate, [kg/s] 
Ma_dry   dry air mass flow rate, [kg/s] 
Q_m3   volumetric flow rate, [m^3/s] 
Q_scfm   volumetric flow rate, [scfm] 
Vel   air velocity through nozzle, [m/s] 
Vn   specific volume of air at nozzle, [m^3/kg] 
Re   Reynolds Number at nozzle 
CDnew   discharge coefficient corresponding to Reynolds Number 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure AirFlowRate (Nozzle$, CDguess, D, Tn, Pn, DPn, Wn : Ma_wet, Ma_dry, Q_m3, Q_scfm, Vel, 
Vn, Re, CDold) 
 $Common ENN 
 An = pi * D^2/4          
 {nozzle throat area [m^2]} 
 Vn = VOLUME(AirH2O,T=Tn,P=Pn,w=Wn)                                
 CDnew = CDguess     
 repeat            
 {iterate to find proper discharge coefficient} 
  CDold = CDnew 
  Q_m3 = CDold * An * (2 * DPn * Vn)^0.5 
  Q_scfm = Q_m3/(1.2 * Vn) * convert(m^3/s, ft^3/min) 
  Vel = Q_m3/An          
 Ma_wet = Q_m3/Vn         
 {treat as incompressible AirH2O flow} 
  Ma_dry = Ma_wet/(1+Wn)        
  rho = DENSITY(AirH2O, T = Tn, P = Pn, w=Wn)  
  {air density at nozzle, [kg/m^3]} 
  mu = VISCOSITY(AirH2O, T = Tn, P=Pn, w=Wn) 
  {air viscosity at nozzle, [kg/m-sec]} 
  Re = rho * Vel * D/mu 
  CDnew = .9986 - 7.006/Re^.5 + 134.6/Re    
 {discharge coefficient correlation} 
 until (abs(CDold - CDnew) < .001) 
 
 IF (Nozzle$ = 'e1') AND (ENN < 1.5) THEN 
  Ma_wet = 0 
  Ma_dry = 0 
  Q_m3 = 0 
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  Q_scfm = 0 
  Vel = 0 
  Vn = 0 
  Re = 0 
  CD = 0 
 ENDIF 
END 
 
 
{ 
Procedure ChillerCapacity ------------------------------------------------------------------------------------ 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates R404a chiller capacity. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: OutdoorChamberBalance 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
M404   R404a mass flow rate, [g/s] 
T404i   R404a orifice inlet temperature, [C] 
T404o   R404a evaporator outlet temperature, [C] 
P404   R404a evaporator outlet pressure, upstream back pressure regulator [kPa] 
 
Outputs: 
Q_R404a  R404 chiller capacity, [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure ChillerCapacity (M404, T404i, T404o, P404 : Q_R404a) 
   
 P404condout=1500    
 h_404o=ENTHALPY(R404a, P=P404, T=T404o) 
 h_404i=ENTHALPY(R404A,T=T404i,P=P404condout) 
 Q_R404a = M404/1000 * (h_404o - h_404i) {assume expansion to be isenthalpic}  
 
End 
 
 
{ 
Procedure SteamCapacity ------------------------------------------------------------------------------------ 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates steam capacity. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: IndoorChamberBalance 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mw_kgps  water condensate mass flow rate [kg/s] 
Patm   atmospheric pressure [kPa] 
Ts   steam inlet temperature  [C] 
Tw   water condensate outlet temperature [C] 
 
Outputs: 
Q_steam  steam capacity  [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
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Procedure SteamCapacity (Mw_kgps, Patm, Ts, Tw : Q_steam) 
  hs = ENTHALPY(Steam_NBS, T = Ts, x=1)  
  {superheated steam inlet enthalpy [kJ/kg]} 
 IF (Ts>100) THEN 
  hs = ENTHALPY(Steam_NBS, T = Ts, P=Patm) 
 ENDIF  
 hw = ENTHALPY(Steam_NBS, T = Tw, P = Patm)   
 {condensate exit enthalpy [kJ/kg]} 
 Q_steam=Mw_kgps * (hs -  hw) {=0 for dry conditions only} 
End 
 
{ 
Procedure ChamberLosses ----------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the transmission losses through the corresponding chamber 
walls. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
chamber number telling which chamber equation to use: 1->outdoor, 2->indoor 
Ti  temperature inside chamber  [C]  
To  temperature outside chamber [C] 
  Only 1 averaged temperature difference is taken for each chamber. 
  Each chamber has only one total UA-value. 
 
Outputs: 
Q_trans transmission losses to chamber walls, [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
 
{Procedure OutdoorChamberBalance ---------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the heat exchanger heat transfer rate using chamber 
calorimetry for the outdoor chamber. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
M404   R404a mass flow rate, [g/s] 
T404i   R404a orifice inlet temperature, [C] 
T404o   R404a evaporator outlet temperature, [C] 
P404   R404a evaporator outlet pressure, upstream back pressure regulator [kPa] 
Ti   chamber temperature inside [C] 
To   chamber temperature outside [C] 
W1   chamber electrical power 1  [W] 
W2   chamber electrical power 2  [W] 
 
Outputs: 
Q_hx   outdoor heat exchanger heat transfer  [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
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Procedure OutdoorChamberBalance (M404, T404i, T404o, P404, W1, W2, Q_trans_outdoor : 
Q_hx_outdoor, Q_R404a) 
 
 Call ChillerCapacity (M404, T404i, T404o, P404 : Q_R404a) 
 
 Q_hx_outdoor = Q_R404a + Q_trans_outdoor - (W1 + W2)/1000  
 
End 
 
{ 
Procedure IndoorChamberBalance ------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the heat exchanger heat transfer rate using chamber 
calorimetry for the indoor chamber. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mw_kgps  water condensate mass flow rate [kg/s] 
P_atm   atmospheric pressure [kPa] 
Ts   steam inlet temperature [C] 
Tw   water condensate exit temperature [C] 
Ti   chamber temperature inside [C] 
To   chamber temperature outside [C] 
 
W1   chamber electrical power 1  [W] 
W2   chamber electrical power 2  [W] 
 
Outputs: 
Q_hx   heat exchanger heat transfer, [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure IndoorChamberBalance (M404e, T404ei, T404eo, P404e, Mw_kgps, Patm, Ts, Tw, W1, W2, 
Q_trans_indoor : Q_hx_indoor, Q_steam, Q_R404ae) 
          
               Call ChillerCapacity (M404e, T404ei, T404eo, P404e : Q_R404ae) 
  
 Call SteamCapacity (Mw_kgps, Patm, Ts, Tw : Q_steam) 
 
 Q_hx_indoor = Q_steam+ (W1+W2)/1000 - Q_trans_indoor - Q_R404ae 
 
End 
 
{ 
Procedure Efficiency -------------------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the various compressor efficiencies. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mr    refrigerant mass flow rate in compressor [g/s] 
Tri    refrigerant inlet temperature [C] 
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Pri    refrigerant inlet pressure [C] 
Tro    refrigerant outlet temperature [C] 
Pro    refrigerant outlet pressure [C] 
W_comp   compressor work [kW] 
Vc    compressor speed [hz] 
V_disp    compressor suction volume [cc] 
 
Outputs: 
h_in    inlet refrigerant enthalpy [kJ/kg] 
h_out    outlet refrigerant enthalpy [kJ/kg] 
eta_c    compression efficiency [-] 
eta_v    volumetric efficiency -] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure Efficiency (Mr, Trcpi, Prcpi, Trcpo, Prcpo, W_comp, Vc, V_disp : h_in, h_out, eta_isen, 
eta_mech, eta_comp, eta_v) 
  
 h_in = ENTHALPY(R744, T = Trcpi, P = Prcpi) 
 s_in = ENTROPY(R744, T = Trcpi, P = Prcpi)      
 {inlet refrigerant entropy [kJ/kg-K]} 
 h_out_isen = ENTHALPY(R744, P = Prcpo, s = s_in)    
 {isentropic outlet refrigerant enthalpy [kJ/kg]} 
 h_out = ENTHALPY(R744, T = Trcpo, P = Prcpo)                                
 {outlet refrigerant entropy [kJ/kg-K]} 
 eta_isen = (Mr/1000) * (h_out_isen - h_in)/W_comp                  {Isentropic efficiency} 
         eta_mech= (Mr/1000) * (h_out - h_in)/W_comp                            {Mechanical efficiency} 
         eta_comp= (h_out_isen - h_in)/(h_out - h_in)       {Compression (or indicated) efficiency} 
  
 v_in = VOLUME(R744, T = Trcpi, P = Prcpi)      
 {inlet refrigerant specific volume [m^3/kg]} 
 Vdot_c = Mr * v_in         
 {refrigerant displacement rate [L/s]} 
 eta_v = (Vdot_c/1000)/(V_disp/1e6 * Vc/60)                                 {Volumetric Efficiency} 
End 
 
{ 
    Begin Main Program Section 
*************************************************************************************************************** 
} 
 
Patm=101.3 
V_disp =166     {compressor suction volume [ccm]} 
Xoil=0.02 
 
{------------------------------------------Outdoor Chamber Calculations -------------------------------------------- 
} 
 
 
{Outdoor duct transmission losses} 
A_out=((48*43.5*2)+(48*37.5*2)+(12*43.5*2)+(12*22.5*2)+(14*43.5*2)+(14*22.5*2))*Convert(inch^2,m^2) 
    {oudoor duct wall area Betw. hx and nozzles} 
Thick_out=0.75*Convert(inch,m) {wall thickness} 
h_out_o=10    {h coefficients are estimates} 
k_out=0.10    {k from tabulated value, pine wood} 
h_out_i=15 
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Q_leak_outdoor=UA_out*DELTAT_out_wall/1000   {transmission loss [kW]} 
1/UA_out=1/(h_out_o*A_out)+Thick_out/(k_out*A_out)+1/(h_out_i*A_out)    
DELTAT_out_wall=(Tcao+Tcn)/2-Tcai    {temp. driving potential across wall} 
 
{Outdoor chamber transmission losses} 
Q_trans_outdoor = (15.947* (Tci - Tco)-5.0892)/1000 
 
{Chamber Humidity} 
Rhci =RELHUM(AirH2O,T=Tcai,P=Patm,w=Wci)              {relative humidity at inlet } 
Wci = HumRat(AIRH2O, P = 99, T = 24, R=0.4)                           {estimated Rh=40%} 
 
{_____________________________________________________________________________} 
 
{Airflow Rate Parameters} 
Pcn = Patm - DPca/1000 - DPcn/1000   {air pressure at nozzle exit [kPa]} 
CDc = 0.99      {discharge coefficient guess value} 
D_c1=0.1778         {nozzle 1 diameter [m]} 
D_c2 = 0.127        {nozzle 2 diameter [m]}    
 
{Airflow Rate Through Nozzles} 
Call AirFlowRate('c1', CDc, D_c1, Tcn, Pcn, DPcn, Wci : ma_wet_c1, ma_dry_c1, AFR_m3_c1, 
AFR_scfm_c1, Vel_c1, Vn_c1, Re_c1, CDc1) 
Call AirFlowRate('c2', CDc, D_c2, Tcn, Pcn, DPcn, Wci : ma_wet_c2, ma_dry_c2, AFR_m3_c2, 
AFR_scfm_c2, Vel_c2, Vn_c2, Re_c2, CDc2) 
 
{Total Airflow Rates} 
Ma_outdoor_dry = ma_dry_c1+ ma_dry_c2  {dry air mass flow rate [kg(dry air)/s]}                                              
Ma_outdoor_wet = ma_wet_c1 + ma_wet_c2  {wet air mass flow rate [kg/s]} 
AFR_m3_outdoor = AFR_m3_c1 + AFR_m3_c2  {wet volumetric airflow rate [m^3/s]} 
AFR_scfm_outdoor = AFR_scfm_c1 + AFR_scfm_c2 {wet volumetric airflow rate [scfm]} 
 
{_____________________________________________________________________________} 
 
{Air-Side Energy Balance } 
hcai = ENTHALPY(AirH2O, T = Tcai, P = Patm, R = Rhci) {moist inlet air enthalpy [kJ/kg]} 
hcan = ENTHALPY(AirH2O, T = Tcn, P = Pcn, w = Wci)      
{moist nozzle air enthalpy [kJ/kg]} 
Qoutdoor_air = Ma_outdoor_dry* (hcan - hcai)+Q_leak_outdoor                                                                          
 
{Refrigerant-Side Energy Balance} 
hcri = ENTHALPY(R744, T = Tcri, P = Pcri)  {refrigerant inlet enthalpy [kJ/kg]} 
hcro1 = ENTHALPY(R744, T = Tcro1, P = Pcro1)  
{refrigerant exit enthalpy front gas cooler[kJ/kg]} 
hcro2 = ENTHALPY(R744, T = Tcro2, P = Pcro2)                
{refrigerant exit enthalpy rear gas cooler[kJ/kg]} 
Qoutdoor_ref1 = Mr1*(1-Xoil) * (hcri - hcro1)/1000+Mr1*Xoil/1000*(2.0499*(Tcri-Tcro1)+2.261e-
3/2*(Tcri^2-Tcro1^2))                {[kW]}               
Qoutdoor_ref2 = Mr2*(1-Xoil) * (hcri - hcro2)/1000+Mr2*Xoil/1000*(2.0499*(Tcri-Tcro2)+2.261e-
3/2*(Tcri^2-Tcro2^2))                {[kW]}               
Qoutdoor_ref = Qoutdoor_ref1+Qoutdoor_ref2  {[kW]}               
 
{Chamber Energy Balance} 
Call OutdoorChamberBalance (M404, T404i, T404o, P404, Wc1, Wc2, Q_trans_outdoor: 
Qoutdoor_chamber, Q_R404a) 
 
{Error Calculations} 
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ErrOutdoor_ref_air = (Qoutdoor_ref- Qoutdoor_air)/Qoutdoor_ref * 100 
ErrOutdoor_ch_air = (Qoutdoor_chamber - Qoutdoor_air)/Qoutdoor_chamber * 100 
ErrOutoor_ch_ref = (Qoutdoor_chamber- Qoutdoor_ref)/Qoutdoor_chamber * 100 
 
{Indoor Chamber Calculations} 
 
Q_leak_indoor1= UA_in1*DELTAT_in_wall1/1000 
UA_in1=11        
{based on experiment for 200 cfm, same used for both Evap wind tunnels} 
DELTAT_in_wall1=abs(Teao1-Teai1) 
Q_leak_indoor2= UA_in2*DELTAT_in_wall2/1000 
UA_in2=11        
{based on experiment for 200 cfm, same used for both Evap wind tunnels} 
DELTAT_in_wall2=abs(Teao2-Teai2)  
 
 
{Indoor transmission losses} 
Q_trans_indoor = (15.483* (Tei - Teo)+3.6168)/1000       
 
{Chamber Humidity} 
Rhei1 = RELHUM(AirH2O, T = Teai1, P = Patm, D = Tdpei) {inlet relative humidity}  
Wei1 = HUMRAT(AirH2O, T = Teai1, P = Patm, D = Tdpei) {inlet humidity ratio} 
Rhen1 = RELHUM(AirH2O, T = Ten1, P = Pen1, D = Tdpen1) {relative humidity after nozzle} 
Wen1 = HUMRAT(AirH2O, T = Ten1, P = Pen1, D = Tdpen1) {humidity ratio after nozzle} 
Rhei2 = RELHUM(AirH2O, T = Teai1, P = Patm, D = Tdpei) {inlet relative humidity}  
Wei2 = HUMRAT(AirH2O, T = Teai1, P = Patm, D = Tdpei) {inlet humidity ratio} 
Rhen2 = RELHUM(AirH2O, T = Ten2, P = Pen2, D = Tdpen2) {relative humidity after nozzle} 
Wen2 = HUMRAT(AirH2O, T = Ten2, P = Pen2, D = Tdpen2) {humidity ratio after nozzle} 
 
Pen1 = Patm - DPea1/1000 - DPen1/1000-0.230    
Pen2 = Patm - DPea2/1000 - DPen2/1000-0.230    
CDe = 0.975            
 
{Top Evaporator (evap1)} 
D_1e1 = 0.0635       {nozzle 1 diameter [m]} 
D_1e2 = 0.0635       {nozzle 2 diameter [m]}  
 
{Airflow Rates Through Nozzles} 
Call AirFlowRate('e1', CDe, D_1e1, Ten1, Pen1, DPen1, Wen1 : ma_wet_1e1, ma_dry_1e1, 
AFR_m3_1e1, AFR_scfm_1e1, Vel_1e1, Vn_1e1, Re_1e1, CD1e1) 
Call AirFlowRate('e2', CDe, D_1e2, Ten1, Pen1, DPen1, Wen1 : ma_wet_1e2, ma_dry_1e2, 
AFR_m3_1e2, AFR_scfm_1e2, Vel_1e2, Vn_1e2, Re_1e2, CD1e2) 
 
{Total Airflow Rates} 
Ma_indoor1_dry = ma_dry_1e1 + ma_dry_1e2  {total dry air mass flow rate [kg/s]} 
Ma_indoor1_wet = ma_wet_1e1 + ma_wet_1e2  {total wet air mass flow rate [kg/s]} 
AFR_m3_indoor1 = AFR_m3_1e1 + AFR_m3_1e2  {total volumetric airflow rate [m^3/s]} 
AFR_scfm_indoor1 =AFR_scfm_1e1 + AFR_scfm_1e2  {total volumetric airflow rate [scfm]} 
 
{Total Air-Side Heat Transfer} 
heai1 = ENTHALPY(AirH2O, T = Teai1, P = Patm, R = Rhei1)   
{moist inlet air enthalpy [kJ/kg]} 
Heao1 = ENTHALPY(AirH2O, T = Teao1, P = (Patm-DPea1), w = wen1)   
{moist nozzle air enthalpy [kJ/kg]} 
QIndoor1_air = Ma_indoor1_dry * (heai1 - Heao1)+Q_leak_indoor1    
{heat leak through the duct  is added to the air side energy balance} 
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{Sensible Air-Side Heat Transfer} 
heai1_dry = ENTHALPY(Air, T= Teai1)   {dry inlet air enthalpy [kJ/kg]} 
heao1_dry = ENTHALPY(Air, T = Teao1)  {dry nozzle air enthalpy [kJ/kg]} 
hvin1 = ENTHALPY(Steam_NBS, T =Teai1, x = 1) {water vapor inlet enthalpy [kJ/kg} 
hvout1 = ENTHALPY(Steam_NBS, T = Teao1, x = 1) {water vapor nozzle enthalpy [kJ/kg]} 
Qindoor1_sensible_psych = Ma_indoor1_dry * (heai1_dry - heao1_dry) + (Ma_indoor1_wet - 
Ma_indoor1_dry) * (hvin1 - hvout1)+Q_leak_indoor1 
Qindoor1_sensible_cond = Qindoor1_air - Qindoor1_latent_cond 
 
{Latent Air-Side Heat Transfer} 
 
h_fg = ENTHALPY(Steam_NBS, T = Tdpei, x = 1) - ENTHALPY(Steam_NBS, T = Tdpei, x = 0)  
{heat of vaporization [kJ/kg]} 
Mw_kgps=Mw1_kgps+Mw2_kgps 
Mw_gps = Mw_kgps * 1000 
 
Mw1_kgps = Dslope1     {condensation rate [kg/s]} 
Mw1_gps = Mw1_kgps * 1000    {condensation rate [g/s]} 
Qindoor1_latent_cond = Mw1_kgps * h_fg 
Qindoor1_latent_psych = Qindoor1_air - Qindoor1_sensible_psych 
 
{Second Evaporator Air-side (bottom evaporator)} 
D_2e1 = 0.0635     {nozzle 1 diameter [m]} 
 
{Airflow Rates Through Nozzles} 
Call AirFlowRate('e1', CDe, D_2e1, Ten2, Pen2, DPen2, Wen2 : ma_indoor2_wet, ma_indoor2_dry, 
AFR_m3_indoor2, AFR_scfm_indoor2, Vel_2e1, Vn_2e1, Re_2e1, CD2e1) 
 
{Total Air-Side Heat Transfer} 
heai2 = ENTHALPY(AirH2O, T = Teai2, P = Patm, R = Rhei2)   
{moist inlet air enthalpy [kJ/kg]} 
heao2 = ENTHALPY(AirH2O, T = Teao2, P = (Patm-DPea2), w = wen2)   
{moist nozzle air enthalpy [kJ/kg]} 
QIndoor2_air = Ma_indoor2_dry * (heai2 - heao2)+Q_leak_indoor2    
{heat leak through the duct  is added to the air side energy balance} 
 
 
{Sensible Air-Side Heat Transfer} 
heai2_dry = ENTHALPY(Air, T= Teai2)   {dry inlet air enthalpy [kJ/kg]} 
heao2_dry = ENTHALPY(Air, T = Teao2)  {dry nozzle air enthalpy [kJ/kg]} 
hvin2 = ENTHALPY(Steam_NBS, T =Teai2, x = 1) {water vapor inlet enthalpy [kJ/kg} 
hvout2 = ENTHALPY(Steam_NBS, T = Teao2, x = 1) {water vapor nozzle enthalpy [kJ/kg]} 
Qindoor2_sensible_psych = Ma_indoor2_dry * (heai2_dry - heao2_dry) + (Ma_indoor2_wet - 
Ma_indoor2_dry) * (hvin2 - hvout2)+Q_leak_indoor2 
Qindoor2_sensible_cond = Qindoor2_air - Qindoor2_latent_cond 
 
{Latent Air-Side Heat Transfer} 
Mw2_kgps = Dslope2     {condensation rate [kg/s]} 
Mw2_gps = Mw2_kgps * 1000    {condensation rate [g/s]} 
Qindoor2_latent_cond = Mw2_kgps * h_fg 
Qindoor2_latent_psych = Qindoor2_air - Qindoor2_sensible_psych 
Qindoor_air=Qindoor1_air+Qindoor2_air 
 
{Refrigerant-Side Energy Balance} 
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{Pero, DPer, Tero are measured parameters} 
 
Peri1 = Pero1  + DPer1     {inlet pressure (absolute) [kPa]} 
Teri_sat1=TEMPERATURE(R744, P = Peri1, x = 0.5)      {2 phase inlet, sat. temp. [C]} 
Tero_sat1=TEMPERATURE(R744, P = Pero1, x = 0.5) {2-phase outlet sat. temp. [C]} 
heri1 = ENTHALPY(R744, T = Txri1, P = Pxri1)      
{refrigerant inlet enthalpy [kJ/kg], assuming exp. is isenthalpic} 
Qindoor1_ref = Mr1*(1-Xoil) * (hero1 - heri1)/1000+Mr1*Xoil/1000*(2.0499*(Tero1-Teri_sat1)+2.261e-
3/2*(Tero1^2-Teri_sat1^2))  {[kW]}    
 
{Refrigerant Qualities}                                                                
h_liq_in1 = ENTHALPY(R744, T = Teri_sat1, x = 0) {saturated liquid enthalpy [kJ/kg]} 
h_vap_in1 = ENTHALPY(R744, T = Teri_sat1, x = 1) {saturated vapor enthalpy [kJ/kg]} 
x_in1 = (heri1 - h_liq_in1)/(h_vap_in1 - h_liq_in1) {inlet quality [-]} 
h_liq_out1 = ENTHALPY(R744, T = Tero_sat1, x = 0) {saturated liquid enthalpy [kJ/kg]} 
h_vap_out1 = ENTHALPY(R744, T = Tero_sat1, x = 1) {saturated vapor enthalpy [kJ/kg]} 
x_out1 = (hero1 - h_liq_out1)/(h_vap_out1 - h_liq_out1) {outlet quality [-]} 
 
DT_sup_evap1=Tero1-Tero_sat1 
 
{2nd Evap refrigerant side} 
Peri2 = Pero2  + DPer2     {inlet pressure (absolute) [kPa]} 
Teri_sat2=TEMPERATURE(R744, P = Peri2, x = 0.5)    {2 phase inlet, sat. temp. [C]} 
Tero_sat2=TEMPERATURE(R744, P = Pero2, x = 0.5) {2-phase outlet sat. temp. [C]} 
heri2 = ENTHALPY(R744, T = Txri2, P = Pxri2)      
{refrigerant inlet enthalpy [kJ/kg], assuming exp. is isenthalpic} 
hero2=hshro2LP-(hcro2-hxri2) 
Qindoor2_ref = Mr2*(1-Xoil) * (hero2 - heri2)/1000+Mr2*Xoil/1000*(2.0499*(Tero2-Teri_sat2)+2.261e-
3/2*(Tero2^2-Teri_sat2^2))  {[kW]}    
 
{Refrigerant Qualities}                                                                
h_liq_in2 = ENTHALPY(R744, T = Teri_sat2, x = 0) {saturated liquid enthalpy [kJ/kg]} 
h_vap_in2 = ENTHALPY(R744, T = Teri_sat2, x = 1) {saturated vapor enthalpy [kJ/kg]} 
x_in2 = (heri2 - h_liq_in2)/(h_vap_in2 - h_liq_in2) {inlet quality [-]} 
h_liq_out2 = ENTHALPY(R744, T = Tero_sat2, x = 0) {saturated liquid enthalpy [kJ/kg]} 
h_vap_out2 = ENTHALPY(R744, T = Tero_sat2, x = 1) {saturated vapor enthalpy [kJ/kg]} 
x_out2 = (hero2 - h_liq_out2)/(h_vap_out2 - h_liq_out2) {outlet quality [-]} 
 
DT_sup_evap2=Tero2-Tero_sat2 
Qindoor_ref=Qindoor1_ref+Qindoor2_ref 
 
{Chamber Energy Balance} 
Call IndoorChamberBalance (M404e, T404ei, T404eo, P404e, Mw_kgps, Patm, Ts, Tw, We1, We2, 
Q_trans_indoor : Qindoor_chamber, Q_steam, Q_R404ae) 
 
{Error Calculations} 
ErrIndoor_ch_air = ( Qindoor_chamber - Qindoor_air)/Qindoor_chamber * 100 
ErrIndoor_ch_ref = (Qindoor_chamber - Qindoor_ref)/Qindoor_chamber * 100 
ErrIndoor_ref_air = (Qindoor_ref -Qindoor_air)/Qindoor_ref * 100 
ErrIndoor1_ref_air = (Qindoor1_ref -Qindoor1_air)/Qindoor1_ref * 100 
ErrIndoor2_ref_air = (Qindoor2_ref -Qindoor2_air)/Qindoor2_ref * 100 
 
{Internal Heat Exchanger Calculations} 
 
{IHX/Accumulator Combo front evaporator} 
Pshri1HP=Pcro1                 
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hshro1HP =heri1 
hshri1LP = hero1          
{Low pressure side (suction) outlet enthalpy [kJ/kg]} 
hshri1HP = ENTHALPY(R744, P = Pshri1HP, T = Tcro1)        
{High pressure side inlet enthalpy [kJ/kg]} 
hsh_max1= ENTHALPY(R744, P = Prcpi, T = Tcro1)               
 
Q_ihx_suc1 = Mr1 * (hshro1LP - hshri1LP)/1000                                       
{internal heat exchanger suction-side capacity [kW]} 
 
Q_ihx_high1 = Mr1 * (1-Xoil) *(hshri1HP - hshro1HP)/1000+Mr1*Xoil/1000*(2.0499*(Tcro1-Txri1)+2.261e-
3/2*(Tcro1^2-Txri1^2))  
{internal heat exchanger liquid-side capacity [kW]} 
 
Q_ihx_max1 = Mr1* (1-Xoil) *(hsh_max1 - hshri1LP)/1000+Mr1*Xoil/1000*(2.0499*(Tcro1-
Tacci1)+2.261e-3/2*(Tcro1^2-Tacci1^2)) 
epsilon_ihx1 = Q_ihx_high1/Q_ihx_max1      {heat exchanger effectiveness} 
Q_ihx_error1=(Q_ihx_suc1 - Q_ihx_high1)/Q_ihx_high1*100 
 
{IHX rear evaporator} 
hshro2HP = ENTHALPY(R744, P = Pxri2, T = Txri2) 
hshri2LP = hero2             
{Low pressure side (suction) outlet enthalpy [kJ/kg]} 
hshri2HP = ENTHALPY(R744, P = Pcro2, T = Tcro2)       
{High pressure side inlet enthalpy [kJ/kg]} 
hshro2LP = ENTHALPY(R744, P = Prcpi, T = Tshro2LP)   
{liquid-side outlet enthalpy [kJ/kg]} 
hsh_max2= ENTHALPY(R744, P = Prcpi, T = Tcro2)              
 
Q_ihx_suc2 = Mr2 * (hshro2LP - hshri2LP)/1000    
{internal heat exchanger suction-side capacity [kW]} 
Q_ihx_high2 = Mr2 *(hshri2HP - hshro2HP)/1000                                                      
{internal heat exchanger liquid-side capacity [kW]} 
Q_ihx_suc2 = Q_ihx_high2 
 
Q_ihx_max2 = Mr2 * (hsh_max2 - hshri2LP)/1000  
epsilon_ihx2 = Q_ihx_high2/Q_ihx_max2       {heat exchanger effectiveness} 
Q_ihx_error2=(Q_ihx_suc2 - Q_ihx_high2)/Q_ihx_high2*100 
 
 
{Compressor Calculations} 
 
P_ratio = Prcpo/Prcpi 
 
hrcpi = ENTHALPY(R744, P = Prcpi, T = Trcpi)  
hrcpo = ENTHALPY(R744, P = Prcpo, T = Trcpo)   
Wcp_ref=Mr*(hrcpo-hrcpi) 
W_comp = (Fc ) * (Vc * convert(rev/min, rad/s))/1000 
 
{Efficiency Calculations} 
Call Efficiency (Mr, Trcpi, Prcpi, Trcpo, Prcpo, W_comp, Vc, V_disp : h_in, h_out, eta_isen, eta_mech, 
eta_comp, eta_v) 
  
{System Performance} 
 
COP_indoor_ref = Qindoor_ref/W_comp 
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COP_indoor_chamber = Qindoor_chamber/W_comp 
COP_indoor_air = Qindoor_air/W_comp 
 
COP_outdoor_air = Qoutdoor_air/W_comp 
COP_outdoor_ref = Qoutdoor_ref/W_comp 
COP_outdoor_chamber = Qoutdoor_chamber/W_comp 
 
{System Data} 
 
Mr=Mr1+Mr2 
Pxri1=Pshro1HP 
Pxri2=Pshro2HP 
hshro1LP=(Mr*hrcpi-Mr2*hshro2LP)/Mr1 
hero1=hshro1LP-(hcro1-hxri1) 
hxri1=heri1 
M404e=0 
P404e=500 
 
{Excel Data} 
Prcpo=8972.156983 
DPen1=157.6720182 
DPca=22.56809171 
DPcn=309.9147284 
Wc1=4828.976832 
Wc2=4220.648584 
Mr2=22.35042306 
M404=118.3999126 
Den404=1.060740064 
Pero2=4659.220767 
Pshro1HP=8901.282432 
Vc=806.6 
Fc=18.39276547 
Tdpei=19.4762154 
Tdpen1=16.2539944 
DPea1=63.48405107 
DPea2=33.14861927 
DPen2=629.9322814 
We1=2788.005936 
We2=1810.123501 
G2=0.860715397 
DPer1=11.11545411 
Prcpi=4658.546914 
Wcp=2031.372672 
G1=0.778327584 
Mr1=18.01018974 
P404=612.5328274 
Pero1=4674.137121 
Pcro1=8912.393601 
count=8466.048988 
Dslope1=0.000340193 
Dslope2=0.000402067 
Pcri=8924.733 
Pshro2HP=8886.636719 
Tdpen2=15.7835504 
DPer2=36.88744819 
Pacci1=4638.571972 
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Pcro2=8884.647402 
Tci=37.53414792 
Tco=20.32561535 
Tei=32.83880129 
Teo=19.8316499 
T404i=17.49045772 
T404o=0.775445556 
Null306=33.25929287 
Tcro2=38.20507673 
Tcai=35.50040822 
Tcro1=36.17703149 
Tcn=42.19333673 
T404ei=26.80364158 
T404eo=29.28898406 
Tcri=88.44549337 
Trcpo=88.86063594 
Tero2=16.49819733 
Tacci1=17.51594614 
Teai1=34.74185634 
Ten1=19.53889653 
Ts=200 
Tw=20 
Txri2=33.77452921 
Trcpi=34.35276594 
Teaog1=17.69172574 
Teaog2=16.89738752 
Teao2=17.40910921 
Txri1=31.60578317 
Tshro2LP=36.53626713 
Tero1=17.0492604 
Ten2=19.9983498 
Teai2=35.00050594 
Teao1=17.91982683 
Tcao=43.68061772 
ENN=2 
outdoor=1 
indoor=0 
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Appendix C – Experimental Results 
The following tables of this appendix provide a comprehensive set of representative experimental data to 
complement the results shown in the text. Table C-1 gives an overview of the tables corresponding to the figures in 
the text. 
Table C-1: Overview of the tables with corresponding figures in the text 
Table Corresponding Figure in text 
Table C-2 Figure 2-5 
Table C-3 Figure 2-6, Figure 2-7 
Table C-4 Figure 3-14 
Table C-5 Figure 3-16, Figure 3-17 
Table C-6 Figure 4-9, Figure 5-3 
 
Table C-2: Experimental data for HMMWV R134a System #1 charge determination test 
Charge [g] 1500 1750 2000 2250 2500 2810 
COP [-] 2.293 2.244 2.358 2.403 2.339 2.434 
Q [kW] 7.860 8.000 8.357 8.515 8.268 8.560 
Q Front [kW] 3.197 3.355 3.552 3.571 3.520 3.676 
Q Rear [kW] 4.663 4.646 4.805 4.944 4.748 4.884 
AFR m3 indoor1 [m³/s] 0.1093 0.1079 0.1074 0.1079 0.1075 0.1076 
AFR m3 indoor2 [m³/s] 0.1103 0.1104 0.1106 0.1108 0.1111 0.1111 
AFR m3 outdoor [m³/s] 1.045 1.046 1.047 1.05 1.052 1.053 
DPca [Pa] 81.11 81.28 81.56 81.83 82.27 82.21 
DPcn [Pa] 426.8 426.5 427.2 429.3 431 432.2 
DPea1 [Pa] 93.55 103.4 105.1 106.6 107.6 108.4 
DPea2 [Pa] 58.46 58.38 58.26 60.05 59.28 60.56 
DPen1 [Pa] 179 175.4 174.4 176.1 174.9 175.1 
DPen2 [Pa] 724.2 725.2 727.2 731.1 733.7 735.4 
DPer [kPa] 282.8 220.8 148 107 93.27 83.09 
DPer2 [kPa] 149.6 174.2 115.9 83.77 72.88 64.87 
DT sup comp in [K] 20.27 12.04 9.313 7.931 7.927 7.521 
DT sup evap1 [K] 27.98 13.21 9.136 7.569 7.339 6.58 
DT sup evap2 [K] 8.876 7.072 6.015 5.063 5.013 4.94 
Fc [Nm] 14.84 15.48 15.5 15.56 15.42 15.25 
Mr [g/s] -10.02 -10.03 -10.02 -10.02 -10.03 67.43 
Mr1 [g/s] 16.83 -0.7239 -7.517 -7.516 -5.261 34.08 
Mr2 [g/s] -26.86 -9.302 -2.507 -2.508 -4.765 33.35 
Mw1 kgps [kg/s] 0.000293 0.000379 0.000401 0.000416 0.000439 0.000401 
Mw2 kgps [kg/s] 0.000417 0.000413 0.000426 0.000464 0.000449 0.000438 
Mw kgps [kg/s] 0.000709 0.000792 0.000827 0.000880 0.000888 0.000839 
Pcn [kPa] 100.8 100.8 100.8 100.8 100.8 100.8 
Pcri [kPa] 1690 1762 1772 1787 1777 1772 
Pcro [kPa] 1426 1505 1540 1569 1570 1580 
Pen1 [kPa] 100.8 100.8 100.8 100.8 100.8 100.8 
Pen2 [kPa] 100.3 100.3 100.3 100.3 100.3 100.3 
Peri1 [kPa] 346.3 369.4 369.4 371 368.5 363.2 
Peri2 [kPa] 386.3 401.1 401.3 403.6 397.8 391.7 
Pero1 [kPa] 346.3 369.4 369.4 371 368.5 363.2 
Pero2 [kPa] 386.3 401.1 401.3 403.6 397.8 391.7 
Prcpi [kPa] 327.3 344.4 345.6 348.1 345.6 341.8 
Prcpo [kPa] 1690 1762 1772 1787 1777 1772 
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Table C-2, cont. 
Charge [g] 1500 1750 2000 2250 2500 2810 
Pxri1 [kPa] 1426 1505 1540 1569 1570 1580 
Pxri2 [kPa] 1426 1505 1540 1569 1570 1580 
P ratio [-] 5.165 5.116 5.129 5.134 5.143 5.184 
Rhci [-] 0.1362 0.1368 0.1383 0.1374 0.1385 0.1387 
Rhei1 [-] 0.3018 0.3013 0.3054 0.3067 0.3001 0.3006 
Rhei2 [-] 0.3018 0.3013 0.3054 0.3067 0.3001 0.3006 
Rhen1 [-] 0.5519 0.626 0.6385 0.6372 0.6571 0.6376 
Rhen2 [-] 0.6907 0.687 0.6781 0.6857 0.6882 0.6782 
Tcai [°C] 43.7 43.62 43.41 43.53 43.37 43.35 
Tcao [°C] 54.09 54.78 54.84 55.12 54.92 54.78 
Tci [°C] 45.21 45.01 44.8 44.79 44.66 44.65 
Tcn [°C] 52.48 53.03 53.06 53.3 53.11 53.03 
Tco [°C] 25.8 26 25.98 26.01 26.2 26.27 
Tcri [°C] 89.59 84.08 81.83 80.98 81.2 81.39 
Tcro [°C] 51.44 52.09 52.11 52.34 51.9 51.13 
Tdpei [°C] 21.77 21.64 21.74 21.79 21.62 21.69 
Tdpen1 [°C] 18.7 18.74 18.45 18.31 18.64 18.2 
Tdpen2 [°C] 18.7 18.74 18.45 18.31 18.64 18.2 
Teai1 [°C] 42.99 42.87 42.72 42.7 42.92 42.97 
Teai2 [°C] 43.63 43.72 43.62 43.6 43.83 43.82 
Teao1 [°C] 27.75 25.76 25.05 25.1 24.81 24.8 
Teao2 [°C] 22.31 22.5 22.32 21.91 22.34 22.18 
Teaog1 [°C] 25.38 22.78 22.58 22.57 22.58 22.51 
Teaog2 [°C] 20.48 20.67 20.57 20.18 20.78 20.38 
Ten1 [°C] 28.56 26.46 25.81 25.7 25.53 25.57 
Ten2 [°C] 24.75 24.89 24.8 24.47 24.75 24.54 
tero1 [°C] 32.69 19.78 15.71 14.26 13.84 12.65 
tero2 [°C] 16.75 16.06 15.02 14.24 13.76 13.23 
Trcpi [°C] 23.36 16.59 13.96 12.78 12.57 11.84 
Trcpo [°C] 89.59 84.08 81.83 80.98 81.2 81.39 
Txri1 [°C] 44.61 47.87 50.26 51.49 51.42 51.34 
Txri2 [°C] 44.95 47.74 49.46 50.49 50.36 50.15 
Vc [RPM] 2206 2199 2184 2174 2189 2202 
W comp [kW] 3.428 3.565 3.544 3.543 3.534 3.517 
x in1 [-] 0.292 0.3068 0.3259 0.335 0.3356 0.3373 
x in2 [-] 0.276 0.2916 0.3053 0.3126 0.3141 0.315 
Table C-2, cont. 
Charge [g] 3000 3250 3500 
COP [-] 2.426 2.517 2.493 
Q [kW] 8.518 8.837 8.813 
Q Front [kW] 3.642 3.751 3.750 
Q Rear [kW] 4.875 5.086 5.063 
AFR m3 indoor1 [m³/s] 0.1073 0.1073 0.1073 
AFR m3 indoor2 [m³/s] 0.1111 0.1111 0.111 
AFR m3 outdoor [m³/s] 1.053 1.053 1.054 
DPca [Pa] 82.26 82.26 82.26 
DPcn [Pa] 431.9 432.1 432.5 
DPea1 [Pa] 108.6 108.6 108.6 
DPea2 [Pa] 61.02 61.45 61.77 
DPen1 [Pa] 174.3 174.6 174.4 
DPen2 [Pa] 735.1 736.4 735.6 
DPer [kPa] 82.07 75.05 75.18 
DPer2 [kPa] 65.18 63.31 62.98 
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Table C-2, cont. 
Charge [g] 3000 3250 3500 
DT sup comp in [K] 7.574 7.363 7.159 
DT sup evap1 [K] 6.639 6.381 6.171 
DT sup evap2 [K] 4.872 4.822 4.598 
Fc [Nm] 15.29 15.27 15.38 
Mr [g/s] 67.49 66.83 66.85 
Mr1 [g/s] 33.93 32.58 32.7 
Mr2 [g/s] 33.56 34.25 34.15 
Mw1 kgps [kg/s] 0.000424 0.000408 0.000427 
Mw2 kgps [kg/s] 0.000463 0.000467 0.000492 
Mw kgps [kg/s] 0.000888 0.000875 0.000918 
Pcn [kPa] 100.8 100.8 100.8 
Pcri [kPa] 1778 1791 1830 
Pcro [kPa] 1586 1627 1697 
Pen1 [kPa] 100.8 100.8 100.8 
Peri1 [kPa] 364.6 362.4 365 
Peri2 [kPa] 393.6 392.5 394.5 
Pero1 [kPa] 364.6 362.4 365 
Pero2 [kPa] 393.6 392.5 394.5 
Prcpi [kPa] 343.2 342.8 345.1 
Prcpo [kPa] 1778 1791 1830 
Pxri1 [kPa] 1586 1627 1697 
Pxri2 [kPa] 1586 1627 1697 
P ratio [-] 5.179 5.226 5.305 
Rhci [-] 0.1385 0.1387 0.1382 
Rhei1 [-] 0.3042 0.3032 0.3071 
Rhei2 [-] 0.3042 0.3032 0.3071 
Rhen1 [-] 0.644 0.6267 0.6339 
Rhen2 [-] 0.6823 0.6721 0.6823 
Tcai [°C] 43.38 43.35 43.42 
Tcao [°C] 54.86 54.94 55.11 
Tci [°C] 44.67 44.69 44.7 
Tcn [°C] 53.12 53.16 53.3 
Tco [°C] 26.28 26.32 26.32 
Tcri [°C] 81.5 81.98 82.66 
Tcro [°C] 51.17 49.99 49.32 
Tdpei [°C] 21.82 21.66 21.8 
Tdpen1 [°C] 18.39 17.8 17.93 
Tdpen2 [°C] 18.39 17.8 17.93 
Teai1 [°C] 42.88 42.76 42.69 
Teai2 [°C] 43.75 43.64 43.52 
Teao1 [°C] 24.84 24.67 24.65 
Teao2 [°C] 22.23 21.65 21.61 
Teaog1 [°C] 22.63 22.57 22.54 
Teaog2 [°C] 20.43 19.72 19.62 
Ten1 [°C] 25.6 25.43 25.38 
Ten2 [°C] 24.63 24.26 24.14 
tero1 [°C] 12.83 12.4 12.39 
tero2 [°C] 13.3 13.17 13.1 
Trcpi [°C] 12.02 11.77 11.76 
Trcpo [°C] 81.5 81.98 82.66 
Txri1 [°C] 51.41 50.47 49.85 
Txri2 [°C] 50.21 49.08 48.47 
Vc [RPM] 2193 2196 2195 
W comp [kW] 3.512 3.51 3.535 
x in1 [-] 0.3372 0.3305 0.3242 
x in2 [-] 0.3146 0.3059 0.2999 
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Table C-3: Experimental results for HMMWV R134a System #1 
Test Name  I35-35-0.1 L35-35-0.1 H35-35-0.1 I43-43-0.1 L43-43-0.1 H43-43-0.1 
COP [-] 3.599 2.333 1.797 3.115 2.053 1.664 
Q [kW] 6.021 7.115 7.496 6.157 7.281 8.055 
Q Front [kW] 2.931 3.373 3.630 2.936 3.452 3.866 
Q Rear [kW] 3.089 3.742 3.866 3.220 3.829 4.190 
AFR m3 indoor1 [m³/s] 0.09623 0.09647 0.09878 0.1027 0.09735 0.09989 
AFR m3 indoor2 [m³/s] 0.1026 0.1023 0.102 0.1035 0.1033 0.1018 
AFR m3 outdoor [m³/s] 0.8839 0.9866 1.094 0.8947 1.006 1.1 
DPca [Pa] 64.41 78.68 95.76 65.27 80.2 94.53 
DPcn [Pa] 316 390.7 479.1 315.1 395.5 470.6 
DPea1 [Pa] 71.77 78.23 81.45 85.99 80.34 76.45 
DPea2 [Pa] 52.76 55.57 55.01 48.7 50.66 53.51 
DPen1 [Pa] 144 145.4 152.8 159.2 144.1 152.4 
DPen2 [Pa] 640.9 640.9 638.3 636.5 638.4 623 
DPer [kPa] 35.45 54.73 61.34 50.55 75.8 87.88 
DPer2 [kPa] 28.8 44.71 50.35 40.49 62.8 71.77 
DT subcool [K] 5.634 7.121 7.862 5.829 7.722 8.666 
DT sup comp in [K] 6.431 8.382 10.15 5.354 7.154 8.055 
DT sup evap1 [K] 5.693 6.469 7.81 4.645 5.644 5.695 
DT sup evap2 [K] 5.163 5.64 6.162 4.397 4.944 5.075 
eta isen [-] 0.7467 0.6429 0.5566 0.7752 0.6687 0.5879 
eta mech [-] 0.7622 0.7745 0.7901 0.7326 0.7786 0.7731 
Fc [Nm] 13.89 13.24 11.71 16.41 15.39 13.6 
Mr [g/s] 44.59 55.56 59.14 53.27 65.93 71 
Mr1 [g/s] 21.77 27.17 29.5 26.65 32.56 35.07 
Mr2 [g/s] 22.82 28.38 29.64 26.62 33.37 35.93 
Mw1 kgps [kg/s] 0.0003672 0.000496 0.0005525 0.0002363 0.000408 0.0004745 
Mw2 kgps [kg/s] 0.000348 0.0005007 0.0005483 0.000218 0.0004087 0.0004711 
Mw kgps [kg/s] 0.0007152 0.0009967 0.001101 0.0004543 0.0008167 0.0009457 
Pcn [kPa] 100.9 100.8 100.7 100.9 100.8 100.7 
Pcri [kPa] 1270 1395 1426 1594 1742 1827 
Pcro [kPa] 1172 1252 1265 1478 1575 1644 
Pen1 [kPa] 100.9 100.8 100.8 100.8 100.8 100.8 
Pen2 [kPa] 100.4 100.4 100.4 100.4 100.4 100.4 
Peri1 [kPa] 353.6 295.8 268 424.7 351.6 320.9 
Peri2 [kPa] 369.2 323.4 299.3 440.5 382.4 356.7 
Pero1 [kPa] 353.6 295.8 268 424.7 351.6 320.9 
Pero2 [kPa] 369.2 323.4 299.3 440.5 382.4 356.7 
Prcpi [kPa] 345.8 276.2 239.8 414.3 329.8 289.1 
Prcpo [kPa] 1270 1395 1426 1594 1742 1827 
Pxri1 [kPa] 1137 1197 1204 1428 1499 1556 
Pxri2 [kPa] 1144 1207 1215 1438 1512 1572 
P ratio [-] 3.673 5.05 5.948 3.848 5.282 6.319 
Rhci [-] 0.2174 0.214 0.2183 0.1416 0.1428 0.1372 
Rhei1 [-] 0.4099 0.4117 0.4121 0.2924 0.2919 0.29 
Rhei2 [-] 0.4099 0.4117 0.4121 0.2924 0.2919 0.29 
Rhen1 [-] 0.7872 0.7966 0.8073 0.6741 0.6873 0.6991 
Rhen2 [-] 0.7944 0.8071 0.7974 0.7121 0.7162 0.7326 
Tcai [°C] 34.97 35.26 34.9 42.95 42.8 43.56 
Tcao [°C] 43.18 44.97 45.15 51.97 53.53 54.97 
Tci [°C] 36.89 36.58 35.5 44.97 44.61 43.9 
Tcn [°C] 42.18 43.92 43.99 51.03 52.49 53.66 
Tco [°C] 22.82 22.5 21.74 22.63 28.98 19.72 
Tcri [°C] 59.46 71.98 83.49 65.89 78.45 87.51 
Tcro [°C] 39.76 40.82 40.49 48.78 49.51 50.35 
Tdpei [°C] 19.24 19.38 19.32 21.68 21.8 21.77 
Tdpen1 [°C] 15.51 14.49 13.99 19.97 18.68 17.87 
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Table C-3, cont. 
Test Name  I35-35-0.1 L35-35-0.1 H35-35-0.1 I43-43-0.1 L43-43-0.1 H43-43-0.1 
Tdpen2 [°C] 15.89 14.5 14.03 19.86 18.51 17.83 
Teai1 [°C] 34.39 34.47 34.39 43.48 43.66 43.75 
Teai2 [°C] 34.46 34.61 34.5 43.41 43.43 43.75 
Teao1 [°C] 17.9 16.59 15.85 24.71 22.71 21.86 
Teao2 [°C] 17.38 15.41 14.91 22.54 20.81 19.81 
Teaog1 [°C] 17.08 15.26 14.59 22.97 20.98 19.58 
Teaog2 [°C] 16.54 14.53 14.24 21.94 20.08 18.7 
Ten1 [°C] 19.3 18.06 17.33 26.49 24.82 23.68 
Ten2 [°C] 19.54 17.86 17.57 25.46 23.95 22.86 
tero1 [°C] 11 6.731 5.373 15.35 10.78 8.23 
tero2 [°C] 11.72 8.393 6.753 16.21 12.53 10.63 
Trcpi [°C] 11.09 6.76 4.744 15.31 10.46 7.68 
Trcpo [°C] 59.46 71.98 83.49 65.89 78.45 87.51 
Txri1 [°C] 39.46 40.3 40.31 48.56 49.47 49.71 
Txri2 [°C] 39.25 40.3 39.95 48.27 49 49.75 
Vc [RPM] 1150 2200 3400 1150 2200 3400 
W comp [kW] 1.673 3.05 4.171 1.977 3.546 4.841 
x in1 [-] 0.2489 0.2847 0.2999 0.2881 0.3277 0.3441 
x in2 [-] 0.2398 0.2703 0.2801 0.279 0.3099 0.3274 
Table C-3, cont. 
Test Name  I58-43-0.1 L58-43-0.1 H58-43-0.1 I49-49-0.1 L49-49-0.1 H49-49-0.1 
COP [-] 2.422 1.701 1.360 2.837 2.050 1.624 
Q [kW] 5.483 6.654 7.135 6.050 7.539 8.076 
Q Front [kW] 2.672 3.195 3.443 2.852 3.588 3.916 
Q Rear [kW] 2.811 3.459 3.692 3.198 3.950 4.160 
AFR m3 indoor1 [m³/s] 0.1051 0.1046 0.1044 0.1025 0.1038 0.1048 
AFR m3 indoor2 [m³/s] 0.1051 0.1048 0.1048 0.1036 0.1034 0.1034 
AFR m3 outdoor [m³/s] 0.9206 1.034 1.151 0.8997 1.018 1.097 
DPca [Pa] 93.29 112.7 134.5 65 111.1 126 
DPcn [Pa] 320 399.9 492.4 313.6 397.9 459.7 
DPea1 [Pa] 68.94 73.67 75.37 77.22 69.5 69.66 
DPea2 [Pa] 45.27 52.31 54.61 42.05 49.42 50.8 
DPen1 [Pa] 165.9 165.4 165.1 157.3 162.6 166.1 
DPen2 [Pa] 651.2 654.3 655.3 633.5 635.6 636.7 
DPer [kPa] 50.5 86.76 106.2 54.83 66.77 96.61 
DPer2 [kPa] 41.6 73.58 88.7 44.86 81.05 79.97 
DT subcool [K] 4.084 5.686 6.849 5.743 7.31 8.495 
DT sup comp in [K] 3.73 4.793 5.878 4.744 6.266 7.194 
DT sup evap1 [K] 3.095 3.765 4.296 3.731 4.651 4.977 
DT sup evap2 [K] 3.441 3.574 3.829 4.073 4.444 4.571 
eta isen [-] 0.7594 0.6839 0.6131 0.7772 0.683 0.6084 
eta mech [-] 0.6974 0.7293 0.7532 0.7119 0.7514 0.7673 
Fc [Nm] 18.8 16.98 14.73 17.71 15.96 13.97 
Mr [g/s] 52.58 69.44 76.4 55.46 67.77 73.98 
Mr1 [g/s] 26.21 33.76 37.2 28.01 33.44 36.32 
Mr2 [g/s] 26.38 35.67 39.21 27.45 34.33 37.66 
Mw1 kgps [kg/s] 0.0001234 0.0002576 0.0003204 0.00004082 0.0002103 0.0002509 
Mw2 kgps [kg/s] 0.0001012 0.0002579 0.0003309 0.00003334 0.0001624 0.0002158 
Mw kgps [kg/s] 0.0002246 0.0005155 0.0006513 0.00007417 0.0003728 0.0004667 
Pcn [kPa] 100.9 100.8 100.7 100.9 100.8 100.7 
Pcri [kPa] 2144 2362 2466 1807 1961 2062 
Pcro [kPa] 2048 2208 2286 1693 1804 1882 
Pen1 [kPa] 100.8 100.8 100.8 100.8 100.8 100.8 
Pen2 [kPa] 100.4 100.4 100.4 100.4 100.4 100.4 
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Table C-3, cont. 
Test Name  I58-43-0.1 L58-43-0.1 H58-43-0.1 I49-49-0.1 L49-49-0.1 H49-49-0.1 
Peri1 [kPa] 461.4 403 371.2 452.7 371.6 341.3 
Peri2 [kPa] 474.9 431 408.1 467.8 399.6 378.5 
Pero1 [kPa] 461.4 403 371.2 452.7 371.6 341.3 
Pero2 [kPa] 474.9 431 408.1 467.8 399.6 378.5 
Prcpi [kPa] 451.9 382.4 342.6 441.6 348.7 310.2 
Prcpo [kPa] 2144 2362 2466 1807 1961 2062 
Pxri1 [kPa] 1998 2122 2180 1638 1737 1786 
Pxri2 [kPa] 2006 2135 2198 1648 1723 1802 
P ratio [-] 4.743 6.175 7.196 4.091 5.625 6.647 
Rhci [-] 0.06742 0.06552 0.06396 0.1071 0.1047 0.1031 
Rhei1 [-] 0.2975 0.2987 0.2971 0.2052 0.2002 0.1962 
Rhei2 [-] 0.2975 0.2987 0.2971 0.2052 0.2002 0.1962 
Rhen1 [-] 0.6688 0.688 0.6906 0.5756 0.603 0.5864 
Rhen2 [-] 0.6729 0.7249 0.7317 0.6165 0.6188 0.6411 
Tcai [°C] 57.94 58.55 59.07 48.41 48.86 49.17 
Tcao [°C] 65.84 68.4 69.4 57.38 59.28 60.51 
Tci [°C] 59.6 59.7 59.28 50.18 50.19 49.54 
Tcn [°C] 65 67.31 68.36 56.39 58.15 59.29 
Tco [°C] 23.16 23.1 24.28 22.13 21.4 19.93 
Tcri [°C] 77.6 87.6 96.22 70.24 81.07 90.2 
Tcro [°C] 64.42 66.18 66.59 54.52 55.65 56.3 
Tdpei [°C] 21.67 21.66 21.73 20.01 20.11 20.03 
Tdpen1 [°C] 20.49 19.44 19.04 19.61 18.61 17.78 
Tdpen2 [°C] 20.67 19.49 18.89 19.6 18.19 18.04 
Teai1 [°C] 43.13 43.05 43.24 48.41 49.02 49.33 
Teai2 [°C] 43.28 43.18 43.19 48.41 48.95 49.28 
Teao1 [°C] 25.57 23.85 23.15 27.1 24.81 24.4 
Teao2 [°C] 24.3 22.01 21.36 24.56 22.44 21.36 
Teaog1 [°C] 24.16 22.28 21.53 24.36 21.59 20.86 
Teaog2 [°C] 23.63 20.79 19.9 23.65 21.49 20.66 
Ten1 [°C] 27.18 25.59 25.11 28.82 26.95 26.54 
Ten2 [°C] 27.27 24.77 23.99 27.63 26.06 25.31 
tero1 [°C] 16.32 12.9 11.01 16.37 11.39 9.263 
tero2 [°C] 17.55 14.72 13.34 17.72 13.33 11.86 
Trcpi [°C] 16.31 12.38 10.28 16.63 11.16 8.778 
Trcpo [°C] 77.6 87.6 96.22 70.24 81.07 90.2 
Txri1 [°C] 62.92 64.76 65.1 53.91 55.16 55.73 
Txri2 [°C] 63.33 65.22 65.67 53.9 55.07 55.68 
Vc [RPM] 1150 2200 3400 1150 2200 3400 
W comp [kW] 2.264 3.912 5.246 2.132 3.678 4.974 
x in1 [-] 0.394 0.4321 0.4475 0.3205 0.3644 0.3824 
x in2 [-] 0.3926 0.4254 0.4379 0.3144 0.3517 0.3655 
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Table C-3, cont. 
Test Name  I64-49-0.1 L64-49-0.1 H64-49-0.1 
COP [-] 2.267 1.557 1.243 
Q [kW] 5.622 6.427 6.810 
Q Front [kW] 2.737 3.106 3.311 
Q Rear [kW] 2.885 3.321 3.499 
AFR m3 indoor1 [m³/s] 0.1063 0.1051 0.1047 
AFR m3 indoor2 [m³/s] 0.1056 0.105 0.105 
AFR m3 outdoor [m³/s] 0.9422 1.053 1.142 
DPca [Pa] 95.89 115.1 132.2 
DPcn [Pa] 329.6 408.3 478.4 
DPea1 [Pa] 54.87 66.39 68.58 
DPea2 [Pa] 33.73 44.8 47.97 
DPen1 [Pa] 167.8 165.5 164.8 
DPen2 [Pa] 650.7 650.2 651.7 
DPer [kPa] 65.22 98.59 118.5 
DPer2 [kPa] 54.72 83.35 99.06 
DT subcool [K] 3.187 5.317 6.559 
DT sup comp in [K] 3.391 4.339 5.301 
DT sup evap1 [K] 2.765 3.378 4.316 
DT sup evap2 [K] 3.028 3.4 3.543 
eta isen [-] 0.7725 0.6855 0.6162 
eta mech [-] 0.6716 0.7284 0.7466 
Fc [Nm] 20.6 17.92 15.39 
Mr [g/s] 59.09 72.84 79.72 
Mr1 [g/s] 29.19 35.69 39.05 
Mr2 [g/s] 29.9 37.15 40.67 
Mw1 kgps [kg/s] 0.0000000 0.0000439 0.0000979 
Mw2 kgps [kg/s] 0.0000000 0.0000377 0.0000891 
Mw kgps [kg/s] 0.0000000 0.0000816 0.0001870 
Pcn [kPa] 100.9 100.8 100.7 
Pcri [kPa] 2435 2626 2728 
Pcro [kPa] 2322 2468 2548 
Pen1 [kPa] 100.8 100.8 100.8 
Pen2 [kPa] 100.4 100.4 100.4 
Peri1 [kPa] 523.4 434.5 398.1 
Peri2 [kPa] 539 462 433.4 
Pero1 [kPa] 523.4 434.5 398.1 
Pero2 [kPa] 539 462 433.4 
Prcpi [kPa] 512.7 413.3 369.1 
Prcpo [kPa] 2435 2626 2728 
Pxri1 [kPa] 2256 2370 2430 
Pxri2 [kPa] 2267 2385 2449 
P ratio [-] 4.749 6.353 7.392 
Rhci [-] 0.05203 0.05126 0.05211 
Rhei1 [-] 0.2017 0.2011 0.2038 
Rhei2 [-] 0.2017 0.2011 0.2038 
Rhen1 [-] 0.5212 0.5816 0.5949 
Rhen2 [-] 0.5373 0.6147 0.6299 
Tcai [°C] 63.57 63.9 63.54 
Tcao [°C] 71.53 73.47 74.65 
Tci [°C] 64.71 65.06 64.04 
Tcn [°C] 70.71 72.42 73.32 
Tco [°C] 24.32 24.17 23.96 
Tcri [°C] 82.55 92.32 100 
Tcro [°C] 70.95 71.64 71.87 
Tdpei [°C] 20.53 20.08 19.99 
Tdpen1 [°C] 20.15 19.52 18.96 
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Table C-3, cont. 
Test Name  I64-49-0.1 L64-49-0.1 H64-49-0.1 
Tdpen2 [°C] 20.28 19.56 19.19 
Teai1 [°C] 49.39 48.89 48.51 
Teai2 [°C] 49.37 48.92 48.51 
Teao1 [°C] 29.5 26.53 25.55 
Teao2 [°C] 27.67 24.69 23.52 
Teaog1 [°C] 26.81 24.84 23.93 
Teaog2 [°C] 27.18 23.21 22.2 
Ten1 [°C] 31.13 28.54 27.56 
Ten2 [°C] 30.74 27.63 26.82 
tero1 [°C] 19.92 14.77 13.08 
tero2 [°C] 21.11 16.66 14.86 
Trcpi [°C] 19.89 14.23 11.84 
Trcpo [°C] 82.55 92.32 100 
Txri1 [°C] 69.46 70.61 71.05 
Txri2 [°C] 70.01 70.86 70.95 
Vc [RPM] 1150 2200 3400 
W comp [kW] 2.48 4.128 5.479 
x in1 [-] 0.4311 0.4722 0.4893 
x in2 [-] 0.4312 0.4646 0.4752 
Table C-4: Experimental results for charge determination test for HMMWV R744 System #4 
Charge [g] 1000 1050 1100 1150 1200 1250 
COP [-] 2.435 2.476 2.502 2.467 2.402 2.332 
Q [kW] 9.497 9.799 9.847 9.89 9.582 9.465 
Q Front [kW] 4.689 4.913 4.92 4.881 4.72 4.66 
Q Rear [kW] 4.808 4.886 4.926 5.008 4.862 4.804 
AFR m3 indoor1 [m³/s] 0.1008 0.1008 0.1007 0.1008 0.1009 0.1008 
AFR m3 indoor2 [m³/s] 0.103 0.103 0.1029 0.103 0.1029 0.103 
AFR m3 outdoor [m³/s] 1.007 1.011 1.013 1.013 1.013 1.013 
DPca [Pa] 28.24 28.22 28.35 28.41 28.49 28.28 
DPcn [Pa] 394.9 397.3 399.3 398.7 398.8 398.4 
DPea1 [Pa] 12.72 12.94 12.72 12.76 12.58 12.44 
DPea2 [Pa] 33.06 34.02 34.67 35.1 35.42 35.71 
DPen1 [Pa] 157.2 157.5 157.4 157.7 157.7 157.4 
DPen2 [Pa] 639.3 640.2 641 642.7 640.2 641.2 
DPer1 [kPa] 46.8 45.65 44.03 40.26 38.52 36.54 
DPer2 [kPa] 98.51 98.19 94.28 89.36 90.75 92.37 
DT sup evap1 [K] 20.75 13.26 0.6358 0.2467 0.08346 0.1158 
DT sup evap2 [K] 24.77 13.68 1.393 -0.09451 -0.1233 -0.1804 
eta isen [-] 0.7933 0.7938 0.794 0.7912 0.7864 0.7776 
eta mech [-] 0.8932 0.9008 0.9013 0.9047 0.9083 0.9129 
Fc [Nm] 24.02 24.38 24.24 24.7 24.57 25.01 
Mr [g/s] 62.76 66.27 71.33 72.74 77.61 81.15 
Mr1 [g/s] 30.27 31.94 34.63 34.55 36.84 38.19 
Mr2 [g/s] 32.49 34.34 36.69 38.19 40.76 42.96 
Mw1 kgps [kg/s] 0.0005979 0.0006250 0.0006187 0.0006048 0.0005658 0.0005530 
Mw2 kgps [kg/s] 0.0006099 0.0006314 0.0006450 0.0006639 0.0006315 0.0006064 
Mw kgps [kg/s] 0.0012080 0.0012560 0.0012640 0.0012690 0.0011970 0.0011590 
Pcn [kPa] 100.9 100.9 100.9 100.9 100.9 100.9 
Pcri [kPa] 10631 10790 10692 10880 10778 10938 
Pcro1 [kPa] 10564 10702 10618 10803 10692 10805 
Pcro2 [kPa] 10545 10695 10586 10769 10651 10802 
Pen1 [kPa] 100.9 100.9 100.9 100.9 100.9 100.9 
Pen2 [kPa] 100.4 100.4 100.4 100.4 100.4 100.4 
Peri1 [kPa] 4317 4455 4603 4631 4726 4762 
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Table C-4, cont. 
Charge [g] 1000 1050 1100 1150 1200 1250 
Peri2 [kPa] 4373 4510 4658 4688 4781 4829 
Pero1 [kPa] 4270 4409 4559 4591 4688 4725 
Pero2 [kPa] 4274 4412 4563 4598 4690 4736 
Prcpi [kPa] 4239 4377 4528 4560 4650 4694 
Prcpo [kPa] 10716 10867 10803 10988 10896 11017 
Pshri1HP [kPa] 10564 10702 10618 10803 10692 10805 
Pshro1HP [kPa] 10517 10653 10561 10750 10630 10741 
Pshro2HP [kPa] 10537 10688 10575 10758 10639 10789 
Pxri1 [kPa] 10517 10653 10561 10750 10630 10741 
Pxri2 [kPa] 10537 10688 10575 10758 10639 10789 
P ratio [-] 2.528 2.483 2.386 2.41 2.343 2.347 
Rhci [-] 0.1375 0.1384 0.141 0.1394 0.1395 0.1372 
Rhei1 [-] 0.299 0.2926 0.299 0.2976 0.2953 0.2997 
Rhei2 [-] 0.299 0.2926 0.299 0.2976 0.2953 0.2997 
Rhen1 [-] 0.7752 0.7904 0.8183 0.8176 0.816 0.8187 
Rhen2 [-] 0.6981 0.7103 0.7269 0.7314 0.7282 0.7321 
Tacci1 [°C] 28.84 22.71 11.9 10.93 11.6 11.95 
Tcai [°C] 43.52 43.39 43.03 43.25 43.24 43.57 
Tcao [°C] 56.26 56.57 56.38 56.78 56.63 56.97 
Tci [°C] 45.38 45.34 45.08 45.37 45.53 45.68 
Tcn [°C] 54.1 54.47 54.3 54.67 54.59 54.82 
Tco [°C] 19.67 20.84 20.66 20.82 21.14 20.74 
Tcri [°C] 125.1 122.3 115.5 114.4 107.3 102.9 
Tcro1 [°C] 44.54 44.57 44.56 44.62 44.98 45.3 
Tcro2 [°C] 46.3 46.41 46.43 46.8 47.03 47.58 
Tdpei [°C] 21.62 21.78 21.75 21.77 21.71 21.79 
Tdpen1 [°C] 16.25 16.17 16.19 16.32 16.67 16.83 
Tdpen2 [°C] 16.43 16.39 16.21 15.98 16.24 16.43 
Teai1 [°C] 42.98 43.59 43.13 43.24 43.33 43.14 
Teai2 [°C] 43.51 43.83 43.3 43.32 43.33 43.17 
Teao1 [°C] 18.05 17.56 16.94 17.18 17.73 17.84 
Teao2 [°C] 18.63 18.28 17.58 17.35 17.59 17.81 
Teaog1 [°C] 17.01 16.89 16.51 16.73 16.99 17.19 
Teaog2 [°C] 17.37 17.3 16.6 16.16 16.52 16.7 
Ten1 [°C] 20.31 19.91 19.37 19.52 19.91 20.02 
Ten2 [°C] 22.2 21.88 21.31 20.97 21.31 21.42 
Tero1 [°C] 28.63 22.42 11.14 11.03 11.72 12.08 
Tero2 [°C] 32.69 22.86 11.94 10.76 11.54 11.88 
Trcpi [°C] 42.87 41.56 38.9 36.95 32.84 28.78 
Trcpo [°C] 125.9 122.9 115.9 114.7 107.4 102.9 
Tshro2LP [°C] 45.05 43.97 42.04 39.81 35.8 31.37 
Txri1 [°C] 41.42 39.57 35.67 33.27 27.49 24.11 
Txri2 [°C] 43.48 40.72 36.77 31.6 28.85 26.89 
Vc [RPM] 1550 1550 1550 1550 1550 1550 
W comp [kW] 3.9 3.957 3.935 4.009 3.989 4.06 
x in1 [-] 0.4528 0.3958 0.3109 0.2613 0.1622 0.1073 
x in2 [-] 0.5043 0.417 0.328 0.2284 0.1778 0.1405 
x out1 [-] 1.176 1.13 1.023 0.9764 0.8294 0.745 
x out2 [-] 1.2 1.129 1.024 0.922 0.8258 0.7568 
 
 93
Table C-5: Experimental results of HMMWV R744 System #4 
Test Name  I35-35-0.1 L35-35-0.1 H35-35-0.1 I43-43-0.1 L43-43-0.1 H43-43-0.1 
COP [-] 4.035 2.757 2.021 3.168 2.489 1.820 
Q [kW] 6.269 9.781 11.800 6.233 10.000 12.050 
Q Front [kW] 3.002 4.776 5.919 2.837 5.003 6.053 
Q Rear [kW] 3.268 5.004 5.884 3.396 4.997 5.999 
AFR m3 indoor1 [m³/s] 0.1008 0.09981 0.09968 0.1026 0.1013 0.1016 
AFR m3 indoor2 [m³/s] 0.1018 0.1 0.09993 0.1034 0.1031 0.1028 
AFR m3 outdoor [m³/s] 0.875 0.9921 1.096 0.9059 1.012 1.125 
DPca [Pa] 22.57 28.04 33.26 80.33 93.42 109.5 
DPcn [Pa] 309.9 392.9 473.6 324.2 397.7 485.7 
DPea1 [Pa] 63.48 62.98 62.43 63.69 61.66 62.77 
DPea2 [Pa] 33.15 34.3 34.68 31.83 33.83 35.52 
DPen1 [Pa] 157.7 158 160.2 158.2 159.4 162.3 
DPen2 [Pa] 629.9 622.7 628.9 633.8 643.5 648.7 
DPer1 [kPa] 11.12 34 66.33 11.32 45.32 80 
DPer2 [kPa] 36.89 78.8 114.4 40.25 91.26 142.9 
DT sup evap1 [K] 5.531 5.66 0.1308 26.27 4.351 -0.02095 
DT sup evap2 [K] 5.11 7.179 -0.06788 21.2 3.575 -0.178 
eta isen [-] 0.7978 0.7904 0.7394 0.8525 0.7987 0.7499 
eta mech [-] 0.8372 0.9082 0.9285 0.9182 0.9029 0.9262 
Fc [Nm] 18.39 21.85 23.14 23.2 24.75 26.24 
Mr [g/s] 40.36 58.27 81.1 42.26 69.18 94.8 
Mr1 [g/s] 18.01 27.53 40.92 20.25 34.01 46.97 
Mr2 [g/s] 22.35 30.74 40.18 22.01 35.17 47.84 
Mw1 kgps [kg/s] 0.0003402 0.0007110 0.0009652 0.0002174 0.0006462 0.0008745 
Mw2 kgps [kg/s] 0.0004021 0.0007834 0.0009920 0.0002842 0.0006612 0.0008985 
Mw kgps [kg/s] 0.0007423 0.0014940 0.0019570 0.0005015 0.0013070 0.0017730 
Pcn [kPa] 101 100.9 100.8 100.9 100.8 100.7 
Pcri [kPa] 8925 9622 9653 10797 10965 11031 
Pcro1 [kPa] 8912 9577 9531 10753 10883 10827 
Pcro2 [kPa] 8885 9541 9517 10762 10869 10851 
Pen1 [kPa] 100.8 100.8 100.8 100.8 100.8 100.8 
Pen2 [kPa] 100.4 100.4 100.4 100.4 100.4 100.4 
Peri1 [kPa] 4685 3846 3622 4880 4539 4213 
Peri2 [kPa] 4696 3913 3672 4920 4587 4271 
Pero1 [kPa] 4674 3812 3556 4869 4494 4133 
Pero2 [kPa] 4659 3835 3557 4880 4496 4128 
Prcpi [kPa] 4659 3803 3484 4879 4461 4043 
Prcpo [kPa] 8972 9708 9808 10800 11060 11170 
Pshri1HP [kPa] 8912 9577 9531 10753 10883 10827 
Pshro1HP [kPa] 8901 9547 9460 10746 10829 10724 
Pshro2HP [kPa] 8887 9538 9507 10763 10860 10829 
Pxri1 [kPa] 8901 9547 9460 10746 10829 10724 
Pxri2 [kPa] 8887 9538 9507 10763 10860 10829 
P ratio [-] 1.926 2.552 2.815 2.213 2.479 2.763 
Rhci [-] 0.2112 0.2186 0.2156 0.1393 0.1391 0.1369 
Rhei1 [-] 0.4081 0.3972 0.4034 0.293 0.3035 0.2929 
Rhei2 [-] 0.4081 0.3972 0.4034 0.293 0.3035 0.2929 
Rhen1 [-] 0.8131 0.8653 0.9211 0.626 0.8219 0.8454 
Rhen2 [-] 0.7669 0.8072 0.8334 0.6615 0.7285 0.7446 
Tacci1 [°C] 17.52 9.975 0.7433 39.51 14.84 6.454 
Tcai [°C] 35.5 34.88 35.12 43.27 43.29 43.61 
Tcao [°C] 43.68 47.84 51.08 51.56 57.03 60.49 
Tci [°C] 37.53 36.59 37.6 44.42 45.38 46.07 
Tcn [°C] 42.19 45.8 49.01 49.75 54.81 58.16 
Tco [°C] 20.33 20.55 20.18 20.6 20.34 20.31 
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Table C-5, cont. 
Test Name  I35-35-0.1 L35-35-0.1 H35-35-0.1 I43-43-0.1 L43-43-0.1 H43-43-0.1 
Tcri [°C] 88.45 114.9 122.4 110.4 119.8 128.2 
Tcro1 [°C] 36.18 36.41 39.48 42.9 44.91 46.91 
Tcro2 [°C] 38.21 38.62 40.37 44.53 46.4 48.14 
Tdpei [°C] 19.48 19.44 19.58 21.69 21.83 21.63 
Tdpen1 [°C] 16.25 11.86 8.842 19.68 16.02 13.51 
Tdpen2 [°C] 15.78 11.3 8.867 19.27 16.13 13.36 
Teai1 [°C] 34.74 35.19 35.07 43.45 42.94 43.4 
Teai2 [°C] 35 35.25 35 43.61 43.17 43.25 
Teao1 [°C] 17.92 11.94 7.86 25.97 16.82 13.57 
Teao2 [°C] 17.41 10.94 7.52 23.06 17.46 13.7 
Teaog1 [°C] 17.69 11.4 7.047 25.24 16.22 12.76 
Teaog2 [°C] 16.9 9.996 6.409 22.53 16.48 12.44 
Ten1 [°C] 19.54 14.07 10.06 27.45 19.13 16.12 
Ten2 [°C] 20 14.57 11.59 26.08 21.19 17.96 
Tero1 [°C] 17.05 9.09 0.8897 39.45 14.28 6.561 
Tero2 [°C] 16.5 10.83 0.7077 34.48 13.52 6.365 
Trcpi [°C] 34.35 32.92 27.85 42.48 39.52 34.61 
Trcpo [°C] 88.86 115.7 123.1 111.4 120.2 128.6 
Tshro2LP [°C] 36.54 35.8 32.62 43.54 42.1 37.89 
Txri1 [°C] 31.61 29.16 20.34 42.05 36.78 30.79 
Txri2 [°C] 33.77 30.98 21.91 41.86 36.59 29.04 
Vc [RPM] 806.6 1550 2410 810 1550 2410 
W comp [kW] 1.554 3.547 5.84 1.968 4.018 6.623 
x in1 [-] 0.278 0.2797 0.1811 0.4275 0.3285 0.2556 
x in2 [-] 0.3307 0.3038 0.1955 0.4195 0.3208 0.2236 
x out1 [-] 1.075 1.057 0.8331 1.257 1.059 0.8778 
x out2 [-] 1.06 1.063 0.8709 1.222 1.045 0.8578 
Table C-5, cont. 
Test Name  I58-43-0.1 L58-43-0.1 H58-43-0.1 I49-49-0.1 L49-49-0.1 H49-49-0.1 
COP [-] 2.265 1.760 1.384 2.951 2.211 1.673 
Q [kW] 5.275 7.880 10.410 6.195 9.375 11.730 
Q Front [kW] 2.607 3.950 5.205 3.035 4.697 5.829 
Q Rear [kW] 2.668 3.930 5.207 3.160 4.678 5.898 
AFR m3 indoor1 [m³/s] 0.1038 0.1023 0.1018 0.1037 0.103 0.1022 
AFR m3 indoor2 [m³/s] 0.1049 0.1034 0.1031 0.1042 0.1039 0.1036 
AFR m3 outdoor [m³/s] 0.9262 1.045 1.152 0.9115 1.036 1.142 
DPca [Pa] 79.95 97.27 111.6 78.44 93.84 107.8 
DPcn [Pa] 324.8 407.7 489.4 322.1 409.7 492.2 
DPea1 [Pa] 61.27 65.89 68.61 67.16 66.95 66.5 
DPea2 [Pa] 29.32 32.37 34.27 27.86 32.57 34.73 
DPen1 [Pa] 161.7 160.3 161.3 161.1 163.1 162.9 
DPen2 [Pa] 645.9 639.9 645.4 635.7 646.7 651.7 
DPer1 [kPa] 15.82 45.66 80.45 17.98 51.42 86.61 
DPer2 [kPa] 33.13 95.88 147.5 40.13 87.46 140.2 
DT sup evap1 [K] 17.05 0.2804 0.1201 17.64 0.2903 0.05277 
DT sup evap2 [K] 17.96 -0.0007905 -0.104 13.54 0.05988 -0.1989 
eta isen [-] 0.7594 0.7913 0.755 0.7904 0.7997 0.7549 
eta mech [-] 0.8147 0.8998 0.9205 0.8334 0.8958 0.9221 
Fc [Nm] 27.46 27.58 29.8 24.75 26.13 27.78 
Mr [g/s] 38.34 77.04 97.5 43.49 74.26 98.41 
Mr1 [g/s] 18.93 37.21 47.98 21.5 37.77 49.94 
Mr2 [g/s] 19.41 39.82 49.53 21.99 36.49 48.47 
Mw1 kgps [kg/s] 0.0001043 0.0003460 0.0006741 0.0000000 0.0003066 0.0005857 
Mw2 kgps [kg/s] 0.0001043 0.0003777 0.0007215 0.0000000 0.0003368 0.0006295 
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Table C-5, cont. 
Test Name  I58-43-0.1 L58-43-0.1 H58-43-0.1 I49-49-0.1 L49-49-0.1 H49-49-0.1 
Mw kgps [kg/s] 0.0002086 0.0007238 0.0013960 0.0000000 0.0006433 0.0012150 
Pcn [kPa] 100.9 100.8 100.7 100.9 100.8 100.7 
Pcri [kPa] 12730 12204 12954 11584 11629 11782 
Pcro1 [kPa] 12694 12116 12758 11554 11553 11624 
Pcro2 [kPa] 12704 12078 12767 11551 11528 11605 
Pen1 [kPa] 100.8 100.8 100.8 100.8 100.8 100.8 
Pen2 [kPa] 100.4 100.4 100.4 100.4 100.4 100.4 
Peri1 [kPa] 5344 5129 4593 5406 4881 4422 
Peri2 [kPa] 5357 5190 4664 5423 4912 4468 
Pero1 [kPa] 5328 5084 4512 5388 4829 4336 
Pero2 [kPa] 5324 5094 4517 5383 4824 4327 
Prcpi [kPa] 5328 5059 4432 5384 4790 4242 
Prcpo [kPa] 12747 12329 13095 11618 11757 11984 
Pshri1HP [kPa] 12694 12116 12758 11554 11553 11624 
Pshro1HP [kPa] 12675 12039 12641 11532 11480 11503 
Pshro2HP [kPa] 12705 12063 12740 11554 11519 11585 
Pxri1 [kPa] 12675 12039 12641 11532 11480 11503 
Pxri2 [kPa] 12705 12063 12740 11554 11519 11585 
P ratio [-] 2.393 2.437 2.954 2.158 2.454 2.825 
Rhci [-] 0.0675 0.06729 0.06598 0.1035 0.103 0.1044 
Rhei1 [-] 0.2971 0.2931 0.294 0.198 0.1978 0.198 
Rhei2 [-] 0.2971 0.2931 0.294 0.198 0.1978 0.198 
Rhen1 [-] 0.6736 0.8041 0.8244 0.5991 0.7422 0.7704 
Rhen2 [-] 0.6302 0.7226 0.7329 0.5423 0.6444 0.654 
Tacci1 [°C] 34.07 15.18 10.09 35.28 13.12 8.358 
Tcai [°C] 57.92 57.99 58.4 49.09 49.18 48.91 
Tcao [°C] 65.34 69.82 74.37 57.49 62.03 65.39 
Tci [°C] 57.38 59.02 59.4 49.51 50.62 50.41 
Tcn [°C] 63.97 67.73 71.75 55.95 60.31 63.2 
Tco [°C] 22.01 21.96 21.16 21.8 21.68 21.57 
Tcri [°C] 129.8 127.2 145.3 112.7 121.9 132.9 
Tcro1 [°C] 58.16 57.68 59.09 49.72 51.18 51.92 
Tcro2 [°C] 58.01 60.05 61.35 49.56 50.98 52.1 
Tdpei [°C] 21.74 21.67 21.64 20.09 19.93 19.93 
Tdpen1 [°C] 20.7 18.62 15.57 19.79 17.07 14.35 
Tdpen2 [°C] 20.86 18.47 15.37 19.74 16.91 14.01 
Teai1 [°C] 43.24 43.43 43.33 49.22 49.04 49.02 
Teai2 [°C] 43.54 43.48 43.29 49.45 49.05 49.03 
Teao1 [°C] 25.65 19.98 16.26 26.57 19.33 15.66 
Teao2 [°C] 25.59 20.49 16.43 26.1 19.57 15.64 
Teaog1 [°C] 25.11 19.42 15.61 25.3 18.37 14.66 
Teaog2 [°C] 25.59 19.34 15.16 25.93 18.63 14.44 
Ten1 [°C] 27.28 22.15 18.62 28.32 21.86 18.45 
Ten2 [°C] 28.59 23.76 20.3 29.99 24.03 20.72 
Tero1 [°C] 33.97 15.25 10.21 35.04 13.14 8.54 
Tero2 [°C] 34.86 15.06 10.03 30.9 12.87 8.212 
Trcpi [°C] 52.96 46.89 43.4 46.59 42.27 36.91 
Trcpo [°C] 130.7 127.3 145.6 113.1 122.1 133.1 
Tshro2LP [°C] 55.04 50.71 47.85 47.42 44.73 40.21 
Txri1 [°C] 51.32 43.1 38.72 46.13 40.02 33.49 
Txri2 [°C] 50.44 42.12 36.56 43.92 37.58 30.59 
Vc [RPM] 810 1550 2410 810 1550 2410 
W comp [kW] 2.329 4.476 7.521 2.099 4.241 7.011 
x in1 [-] 0.5267 0.3757 0.3147 0.4622 0.3477 0.2668 
x in2 [-] 0.5024 0.3502 0.274 0.3998 0.2975 0.2187 
x out1 [-] 1.208 0.9372 0.8586 1.241 0.9996 0.8497 
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Table C-5, cont. 
Test Name  I58-43-0.1 L58-43-0.1 H58-43-0.1 I49-49-0.1 L49-49-0.1 H49-49-0.1 
x out2 [-] 1.223 0.9125 0.834 1.199 0.9909 0.8414 
Table C-5, cont. 
Test Name  I64-49-0.1 L64-49-0.1 H64-49-0.1 
COP [-] 2.266 1.576 1.174 
Q [kW] 5.355 7.577 9.246 
Q Front [kW] 2.806 3.824 4.588 
Q Rear [kW] 2.549 3.753 4.658 
AFR m3 indoor1 [m³/s] 0.1047 0.1039 0.1028 
AFR m3 indoor2 [m³/s] 0.1051 0.1045 0.1042 
AFR m3 outdoor [m³/s] 0.9514 1.071 1.17 
DPca [Pa] 82.94 98.22 112.2 
DPcn [Pa] 336.6 420.7 496.9 
DPea1 [Pa] 63.14 66.39 65.4 
DPea2 [Pa] 25.27 31.13 34.36 
DPen1 [Pa] 163.2 163.9 162.2 
DPen2 [Pa] 636.4 647.5 649.8 
DPer1 [kPa] 25.52 52.52 97.12 
DPer2 [kPa] 47 87.25 164.6 
DT sup evap1 [K] 14.41 0.3198 0.1291 
DT sup evap2 [K] 18.45 -0.04063 -0.3018 
eta isen [-] 0.7654 0.7753 0.7486 
eta mech [-] 0.8083 0.8859 0.9219 
Fc [Nm] 27.86 29.6 31.22 
Mr [g/s] 46.2 76 111 
Mr1 [g/s] 25.2 39.62 55.54 
Mr2 [g/s] 21 36.38 55.45 
Mw1 kgps [kg/s] 0.0000000 0.0000000 0.0002713 
Mw2 kgps [kg/s] 0.0000000 0.0000000 0.0003040 
Mw kgps [kg/s] 0.0000000 0.0000000 0.0005753 
Pcn [kPa] 100.9 100.8 100.7 
Pcri [kPa] 13125 13280 13334 
Pcro1 [kPa] 13076 13122 13064 
Pcro2 [kPa] 13092 13183 13103 
Pen1 [kPa] 100.8 100.8 100.8 
Pen2 [kPa] 100.4 100.4 100.4 
Peri1 [kPa] 6178 5358 5038 
Peri2 [kPa] 6193 5385 5106 
Pero1 [kPa] 6153 5305 4941 
Pero2 [kPa] 6146 5298 4941 
Prcpi [kPa] 6150 5268 4850 
Prcpo [kPa] 13159 13340 13496 
Pshri1HP [kPa] 13076 13122 13064 
Pshro1HP [kPa] 13034 13030 12888 
Pshro2HP [kPa] 13091 13171 13067 
Pxri1 [kPa] 13034 13030 12888 
Pxri2 [kPa] 13091 13171 13067 
P ratio [-] 2.14 2.532 2.783 
Rhci [-] 0.05084 0.05089 0.04985 
Rhei1 [-] 0.2003 0.2004 0.1974 
Rhei2 [-] 0.2003 0.2004 0.1974 
Rhen1 [-] 0.5337 0.7371 0.7624 
Rhen2 [-] 0.4257 0.6454 0.6597 
Tacci1 [°C] 37.55 16.87 13.71 
Tcai [°C] 64.09 64.06 64.53 
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Table C-5, cont. 
Test Name  I64-49-0.1 L64-49-0.1 H64-49-0.1 
Tcao [°C] 71.27 75.6 79.84 
Tci [°C] 62.3 63.13 64.34 
Tcn [°C] 70.06 73.83 77.23 
Tco [°C] 22.06 21.54 20.21 
Tcri [°C] 124.9 136.4 139.5 
Tcro1 [°C] 64.25 65.1 66.23 
Tcro2 [°C] 64.22 64.72 66.39 
Tdpei [°C] 20.13 20.03 19.99 
Tdpen1 [°C] 19.84 19.26 17.53 
Tdpen2 [°C] 20.12 19.21 17.32 
Teai1 [°C] 49.04 48.91 49.15 
Teai2 [°C] 49.77 49.13 49.3 
Teao1 [°C] 28.18 21.66 19.43 
Teao2 [°C] 31.13 22.59 19.63 
Teaog1 [°C] 27.23 21.18 18.78 
Teaog2 [°C] 31.74 21.76 18.53 
Ten1 [°C] 30.37 24.25 21.9 
Ten2 [°C] 34.69 26.44 24.07 
Tero1 [°C] 37.47 17.07 13.92 
Tero2 [°C] 41.46 16.65 13.5 
Trcpi [°C] 57.84 51.11 43.36 
Trcpo [°C] 125.1 136.2 139.5 
Tshro2LP [°C] 60.7 55.05 45.45 
Txri1 [°C] 55.91 48.11 43.25 
Txri2 [°C] 56.1 45.13 38.26 
Vc [RPM] 810 1551 2410 
W comp [kW] 2.363 4.808 7.878 
x in1 [-] 0.6207 0.4318 0.3567 
x in2 [-] 0.6217 0.3621 0.2595 
x out1 [-] 1.301 0.9554 0.7982 
x out2 [-] 1.36 0.9633 0.7401 
Table C-6: Experimental results of high pressure variation for R744 two evaporator system based on 
Configuration 3 
High Pressure [MPa] 7.98 8.26 8.58 9.07 9.39 9.81 10.55 11.95 
COP [-] 2.877 3.01 3.061 3.028 2.973 2.879 2.703 2.433 
Q [kW] 4.329 4.862 5.231 5.495 5.595 5.652 5.667 5.622 
Q Evap 1 [kW] 2.177 2.424 2.588 2.737 2.791 2.819 2.872 2.857 
Q Evap 2 [kW] 2.152 2.438 2.643 2.758 2.804 2.833 2.795 2.765 
AFR m3 indoor1 [m³/s] 0.09459 0.09423 0.094 0.09409 0.09409 0.0941 0.09411 0.09415 
AFR m3 indoor2 [m³/s] 0.09633 0.09614 0.09604 0.09592 0.09589 0.09594 0.09596 0.0961 
AFR m3 outdoor [m³/s] 0.8921 0.8917 0.8926 0.8924 0.8923 0.8928 0.8926 0.8932 
DPca [Pa] 79.7 79.77 79.51 79.36 79.41 79.15 79.12 79.24 
DPcn [Pa] 323.6 322.6 322.7 322.2 321.8 322 321.6 322.2 
DPea1 [Pa] 51.97 54.39 55.86 55.39 54.57 53.34 52.5 51.56 
DPea2 [Pa] 47.76 48.94 49.69 50.17 50.41 49.62 48.8 47.63 
DPen1 [Pa] 551 550.6 550.7 553.7 554.4 554.8 555.3 555.9 
DPen2 [Pa] 569.3 570.8 572.5 572.7 573.2 574.3 574.3 576 
DPer1 [kPa] 50.42 40.49 33.96 31.31 29.9 28.25 27.94 25.33 
DPer2 [kPa] 54.66 40.9 33.75 28.99 29.48 28.76 26.23 23.36 
DT sup evap1 [K] 0.5949 -0.01751 0.02607 -0.1495 -0.08371 0.3233 -0.1029 4.656 
DT sup evap2 [K] -0.1412 -0.1464 -0.154 -0.1244 -0.1488 -0.1793 -0.107 2.992 
eta isen [-] 0.7724 0.7907 0.7899 0.786 0.7966 0.7893 0.7884 0.7615 
eta mech [-] 0.8661 0.8749 0.8803 0.8869 0.8897 0.8914 0.8931 0.8824 
Fc [Nm] 16.69 17.95 19 20.21 20.98 21.9 23.42 25.89 
Mr [g/s] 44.92 39.77 36.47 35.18 35.08 34.75 34.36 31.67 
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Mr1 [g/s] 22.41 20.22 18.45 18.06 17.7 17.14 17.44 16.21 
Mr2 [g/s] 22.51 19.55 18.03 17.13 17.38 17.61 16.92 15.46 
Pcn [kPa] 100.9 100.9 100.9 100.9 100.9 100.9 100.9 100.9 
Pcri [kPa] 8056 8314 8614 9102 9420 9835 10574 11991 
Pcro [kPa] 7982 8260 8579 9067 9385 9806 10549 11949 
Pen1 [kPa] 100.5 100.5 100.5 100.5 100.5 100.5 100.5 100.5 
Pen2 [kPa] 100.5 100.5 100.4 100.4 100.4 100.4 100.4 100.4 
Peri1 [kPa] 4853 4476 4234 4139 4103 4108 4115 4091 
Peri2 [kPa] 4853 4471 4228 4131 4097 4104 4109 4083 
Pero1 [kPa] 4803 4435 4200 4108 4073 4080 4088 4065 
Pero2 [kPa] 4799 4430 4194 4102 4068 4075 4082 4060 
Prcpi [kPa] 4529 4197 3983 3900 3866 3879 3892 3902 
Prcpo [kPa] 8126 8369 8676 9146 9459 9881 10617 11982 
PshriHP [kPa] 7968 8258 8577 9074 9394 9811 10554 11977 
PshroHP [kPa] 7966 8260 8593 9077 9395 9821 10565 11943 
Pxri1 [kPa] 7966 8260 8593 9077 9395 9821 10565 11943 
Pxri2 [kPa] 7966 8260 8593 9077 9395 9821 10565 11943 
P ratio [-] 1.794 1.994 2.178 2.345 2.447 2.547 2.728 3.071 
Rhci [-] 0.2179 0.2164 0.2138 0.2155 0.2148 0.2139 0.2125 0.2125 
Rhei1 [-] 0.2671 0.2255 0.1995 0.1881 0.1864 0.1877 0.1887 0.179 
Rhei2 [-] 0.2671 0.2255 0.1995 0.1881 0.1864 0.1877 0.1887 0.179 
Rhen1 [-] 0.7374 0.7026 0.6664 0.6676 0.6725 0.6826 0.6958 0.6504 
Rhen2 [-] 0.711 0.66 0.6208 0.6127 0.6177 0.6325 0.6299 0.6078 
Tacci [°C] 10.99 7.866 5.842 4.927 4.586 4.681 4.842 9.623 
Tcai [°C] 34.93 35.06 35.28 35.14 35.19 35.27 35.39 35.39 
Tcao [°C] 40.11 40.77 41.32 41.54 41.77 41.96 42.23 42.47 
Tci [°C] 33.37 33.59 33.88 33.95 34.11 34.22 34.4 34.31 
Tcn [°C] 40.37 41.09 41.67 42 42.28 42.49 42.7 42.56 
Tco [°C] 18.17 18.33 18.29 18.31 18.33 18.34 18.33 18.21 
Tcri [°C] 75.83 84.98 91.28 95.77 98.51 101.6 107.5 121.2 
Tcro [°C] 36.58 37.2 37.11 36.12 35.95 35.83 35.75 35.67 
Tdpei [°C] 12.74 10.59 8.826 8.031 7.849 7.923 8.006 7.192 
Tdpen1 [°C] 12.95 10.77 8.952 8.134 7.93 8 8.094 7.196 
Tdpen2 [°C] 13.2 10.82 8.93 8.116 7.875 7.964 8.03 7.526 
Teai1 [°C] 34.63 35.12 35.2 35.28 35.22 35.19 35.2 35.15 
Teai2 [°C] 34.67 35.14 35.17 35.22 35.14 35.09 35.1 35.08 
Teao1 [°C] 16.71 15.36 14.26 13.28 12.84 12.6 12.2 12.37 
Teao2 [°C] 16.88 15.5 14.14 13.3 12.94 12.66 12.97 12.95 
Teaog1 [°C] 17.67 16.6 15.04 13.94 13.59 13.54 13.27 13.43 
Teaog2 [°C] 16.5 15.03 13.13 12.24 11.95 11.79 12.46 12.73 
Ten1 [°C] 17.69 16.18 15.11 14.22 13.9 13.74 13.54 13.64 
Ten2 [°C] 18.53 17.22 16.19 15.53 15.15 14.88 15.01 15.03 
Tero1 [°C] 13.22 9.381 7.245 6.193 5.928 6.4 6.047 10.59 
Tero2 [°C] 12.45 9.206 7.015 6.168 5.811 5.849 5.993 8.874 
Trcpi [°C] 27.43 28 26.87 24.9 24.36 23.68 23.43 25.74 
Trcpo [°C] 76.07 85.89 92.75 97.52 100.5 103.7 109.9 125 
TshriHP [°C] 34.78 35.64 35.5 34.52 34.36 34.22 34.17 34.17 
TshroHP [°C] 33.5 32.4 29.06 25.66 24.79 23.75 23.1 25.04 
TshroLP [°C] 27.54 28.09 26.93 24.89 24.34 23.64 23.37 25.75 
Txri1 [°C] 33.5 32.4 29.06 25.66 24.79 23.75 23.1 25.04 
Txri2 [°C] 33.5 32.4 29.06 25.66 24.79 23.75 23.1 25.04 
Vc [RPM] 860.8 859.6 858.5 857.4 856.7 856.1 854.8 852.3 
W comp [kW] 1.505 1.615 1.708 1.815 1.882 1.963 2.097 2.311 
x in1 [-] 0.4262 0.3478 0.271 0.2115 0.1973 0.1772 0.1605 0.1751 
x in2 [-] 0.4262 0.3481 0.2714 0.2121 0.1978 0.1776 0.1612 0.1758 
x out1 [-] 1.012 0.9531 1.002 0.9354 0.9462 1.004 0.9442 1.045 
x out2 [-] 0.9429 0.9773 0.9818 0.9803 0.9633 0.9416 0.9467 1.03 
liq. level in accu [%] 28.7% 23.9% 12.7% 8.0% 6.4% 4.8% 1.6% 0.0% 
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Figure C-1: Frost build up at front evaporator 
 
Figure C-2: Frost build up at rear evaporator 
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Appendix D – Heat Exchanger Dimensions 
This appendix contains detailed specifications regarding the air to refrigerant heat exchangers used for the 
experiments. Along with photographs taken, relevant heat exchanger dimensions are listed. 
 
Figure D-1: Condenser used in HMMWV R134a System #1 
Table D-1: Dimensions of condenser used in HMMWV R134a System #1 
Height [m] 0.381 
Width [m] 0.762 
Depth [m] 0.0635 
Face Area [m²] 0.2903 
Core Volume [m³] 0.01844 
Air side Surface Area [m²] 17.78 
Refrigerant-Side Surface Area [m²] 1.074 
Tube Diameter [m] 0.00952 
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Figure D-2: Front evaporator assembly used in HMMWV R134a System #1 
Table D-2: Dimensions of front evaporator used in HMMWV R134a System #1 
Height [m] 0.1524 
Width [m] 0.3175 
Depth [m] 0.09525 
Face Area [m²] 0.04839 
Core Volume [m³] 0.00461 
Air side Surface Area [m²] 4.266 
Refrigerant-Side Surface Area [m²] 0.2837 
Tube Diameter [m] 0.00952 
 
 102
 
Figure D-3: Rear evaporator assembly used in HMMWV R134a System #1 
Table D-3: Dimensions of rear evaporator used in HMMWV R134a System #1 
Height [m] 0.2032 
Width [m] 0.3556 
Depth [m] 0.0635 
Face Area [m²] 0.07226 
Core Volume [m³] 0.00459 
Air side Surface Area [m²] 5.947 
Refrigerant-Side Surface Area [m²] 0.2723 
Tube Diameter [m] 0.00952 
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Figure D-4: Two identical gas coolers used in all HMMWV R744 Systems 
Table D-4: Dimensions of one gas cooler used in all HMMWV R744 Systems 
Height [m] 0.3874 
Width [m] 0.3620 
Depth [m] 0.0381 
Face Area [m²] 0.1402 
Core Volume [m³] 0.00534 
Air side Surface Area [m²] 7.7567 
Refrigerant-Side Surface Area [m²] 0.6299 
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Figure D-5: Front evaporator used in HMMWV R744 Systems #2, #3 and #4 
Table D-5: Dimensions of front evaporator used in HMMWV R744 Systems #2, #3 and #4 
Height [m] 0.127 
Width [m] 0.3556 
Depth [m] 0.0699 
Face Area [m²] 0.04516 
Core Volume [m³] 0.00316 
Air side Surface Area [m²] 2.4603 
Refrigerant-Side Surface Area [m²] 0.4326 
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Figure D-6: Rear evaporator used in HMMWV R744 Systems #2, #3 and #4 
Table D-6: Dimensions of rear evaporator used in HMMWV R744 Systems #2, #3 and #4 
Height [m] 0.3429 
Width [m] 0.2477 
Depth [m] 0.0508 
Face Area [m²] 0.08494 
Core Volume [m³] 0.00431 
Air side Surface Area [m²] 4.1266 
Refrigerant-Side Surface Area [m²] 0.6103 
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Figure D-7: Identical evaporators used in R744 System based on Configuration 3 
Table D-7: Dimension of one evaporator used in R744 System based on Configuration 3 
Height [m] 0.1600 
Width [m] 0.2972 
Depth [m] 0.0450 
Face Area [m²] 0.04755 
Core Volume [m³] 0.00214 
Air side Surface Area [m²] 2.8847 
Refrigerant-Side Surface Area [m²] 0.2029 
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Appendix E – Model Parameters 
This appendix contains information regarding model parameters and additional figures with comparison 
between model and experimental results to supplement the figures shown in Section 5.1. For the model two gas 
coolers based on the dimensions listed in Table D-4 were used. As in the experiment, the flow was split evenly 
across the gas coolers. The discretization used for all pipes was n=2 and the pressure loss model used is 
ThermoFluidPro.PressureLoss.PressureLossD. The pipe names correspond to the names shown in Figure . The 
parameters for the internal heat exchanger shown in Figure E-1 were choosen in an iterative process to match the 
experimental results since the internal geometry of the prototype internal heat exchanger used in the experiments 
was not known. Figure E-2 and Figure E-3 show comparisons between the model prediction and experimental 
results for the pressures at the compressor inlet and the refrigerant mass flow rates. In Figures E-4 to E-10 the 
comparison between model and experimental data is shown in pressure enthalpy diagrams. The experimental data is 
shown in green with “x” markers and the model results are shown in blue with “+” markers.  
Table E-1: Parameters for gas cooler model 
n_segAir 1 
n_segRef 3 
HTCoefficientRefSide ThermoFluidPro.HeatTransfer.HTPipe.KcSimpleTwoPhase 
HTCoefficientAirSide ThermoFluidPro.HeatTransfer.HTFin.HTCoeffLouveredFinChang 
RefrigerantFrictionLossModel ThermoFluidPro.PressureLoss.PLossHexChannel.Ploss1phChannel 
AirFrictionLossModel ThermoFluidPro.PressureLoss.PLossFin.PressureLossKimBullard 
AirModel ThermoFluidPro.PipesAndVolumes.HXAirFlowDryAnalytic 
Table E-2: Parameters for evaporator model 
n_segAir 8 
n_segRef 3 
HTCoefficientRefSide ThermoFluidPro.HeatTransfer.HTPipe.KcSimpleTwoPhase 
HTCoefficientAirSide ThermoFluidPro.HeatTransfer.HTFin.HTCoeffLouveredFinChang 
RefrigerantFrictionLossModel ThermoFluidPro.PressureLoss.PLossHexChannel.PressureLossDHX 
AirFrictionLossModel ThermoFluidPro.PressureLoss.PLossFin.PressureLossKimBullard 
AirModel ThermoFluidPro.PipesAndVolumes.HXAirFlowMoist 
Table E-3: Parameters for internal heat exchanger model 
n (Discretiztion) 2 
HTInnerChannel ThermoFluidPro.HeatTransfer.HTPipe.KcCo2Evaporation 
HTOuterChannel ThermoFluidPro.HeatTransfer.HTPipe.KcTurbulentFilmCondensation 
InnerFrictionLossModel ThermoFluidPro.PressureLoss.PLossHexChannel.PressureLossDHX 
OuterFrictionLossModel ThermoFluidPro.PressureLoss.PLossHexChannel.PressureLossDHX 
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Table E-4: Dimensions of pipes 
 Length [m] Diameter [m] 
Pipe1 3.95 0.008100 
Pipe2 4.00 0.008100 
Pipe3 0.30 0.008100 
Pipe4_1 1.40 0.008100 
Pipe4_2 1.75 0.008100 
Pipe5_1 0.50 0.008100 
Pipe5_2 0.50 0.008100 
Pipe6_1 1.60 0.009389 
Pipe6_2 0.30 0.009389 
Pipe7 1.30 0.009389 
Pipe8 1.80 0.009389 
Table E-5: Parameters for compressor, oil separator and accumulator 
Compressor  
MaximumDisplacement [m³] 3.35E-05 
Oil Separator (modeled as Volume only)  
Volume [m³] 2.35E-04 
Accumulator  
Di [m] 0.1 
H [m] 0.2 
H_out [m] 0.15 
zeta 1000 
Desiccant FALSE 
H_OutMix [m] 0.05 
 
 
 
counterflow TRUE 
overallLength [m] 2.750 
Di_inner [m] 0.008 
Do_inner [m] 0.009 
Channels 6 
Di_outer [m] 0.015 
Do_outer [m] 0.016 
d_fin [m] 0.001 
Figure E-1: Parameters for internal heat exchanger model 
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Figure E-2: Model prediction of compressor inlet pressure 
0
10
20
30
40
50
60
7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5
High Side Pressure [MPa]
M
as
s 
Fl
ow
 R
at
e 
[g
/s
]
Experiment Model
 
Figure E-3: Model prediction of overall refrigerant mass flow rate 
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Figure E-4: Comparison between model and experiemental results at 8.0MPa 
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Figure E-5: Comparison between model and experiemental results at 8.3MPa 
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Figure E-6: Comparison between model and experiemental results at 8.6MPa 
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Figure E-7: Comparison between model and experiemental results at 9.1MPa 
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Figure E-8: Comparison between model and experiemental results at 9.8MPa 
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Figure E-9: Comparison between model and experiemental results at 10.6MPa 
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Figure E-10: Comparison between model and experiemental results at 12.0MPa 
